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SUMMARY
Single crystals of germanium, silicon and indium antimonide 
were bombarded with medium energy (5, 10, 15 keV) rare gas ions and the 
effects arising from the interaction of these ions with target atoms 
studied. Incidence of energetic ions in the crystal is followed by 
ejection of lattice atoms from their normal positions. The ejection 
of atoms from the bombarded surface was studied with two methods, 
namely the sputtered atom ejection pattern technique and monitoring of 
the sputtering yields using a mass spectrometrie technique. Ejection 
patterns were collected from (111) and (100) surfaces of silicon,
(111), (110) and (100) surfaces of germanium and (ill), (110) and (100)
surfaces of indium antimonide. The patterns were examined as
- 1functions of ion mass, ion energy, target temperature and species, and 
target orientation. Major ejection directions of target species were 
determined. In addition the ejection patterns from the elemental semi­
conductors were compared with those from compound semiconductors and 
significant differences were found. The results were analyzed on the 
basis of current models of anisotropic ejection from semiconductors. 
For quantitative evaluation of the sputtering process a mass 
spectrometric technique was developed. This technique, which is 
reported in detail, was employed in following the variation of relative 
sputtering yields with ion beam incidence direction as the target was 
rotated about the normal. Critical angles for channelling were deter­
mined from the data, and the results compared with the models of 
Onderdelinden (1968) and with the transparency model. In addition both 
techniques were used to study the production and insitu annealing of
iii
i o n  bombardment in d u ce d  damage. The r a t e  of  p r o d u c t i o n  was o b s e r v e d  t o  
depend on i o n  e n e r g y ,  ion  mass,  t a r g e t  s p e c i e s  and o r i e n t a t i o n ,  t a r g e t  
t e m p e r a t u r e  and d o s e  r a t e ,  A c t i v a t i o n  e n e r g i e s  f o r  the  a n n e a l i n g  
p r o c e s s e s  were c a l c u l a t e d .  The t h e s i s  commences w i t h  a r e v i e w  o f  
r e l e v a n t  e x p e r i m e n t a l  and t h e o r e t i c a l  a s p e c t s  o f  i o n - c r y s t a l  i n t e r a c t i o n .
1INTRODUCTION
The bombardment of a solid target with energetic atomic par­
ticles results in the occurrence of many different processes.
Different types of interactions occur between the incident particles 
and the atomic constituents of the target, the dominant interaction at 
a given point in space and time being decided by such factors as the 
type of particles involved, their energies and their charge states.
Even larger diversity is found in the number and nature of resultant 
secondary processes. Prominent among the secondary processes are ejec­
tion of atoms from their equilibrium positions, emission of secondary 
electrons, scattering of the incident particles and emission of various 
kinds of electromagnetic radiations.
This thesis is concerned with studies carried out on one of 
these secondary processes, namely the ejection of atoms of the target 
from their lattice positions as a result of bombardment by energetic 
ions. The targets used were single crystals of the elemental semicon­
ductors, germanium and silicon, and the III-V compound semiconductor 
indium antimonide.
The ejection of target atoms from their normal positions 
through collisions with incident ions results in radiation damage and 
sputtering. Both of these effects can provide information about the 
final distribution of the energy injected into the target. The sput­
tered atom carries away some of this energy and supplies information 
on the ion-atom and target atom-atom interaction in such factors as its 
direction of ejection, its energy and its state of ionization and/or 
excitation. However, from the point of view of the atomic collision 
dynamics the distinction between the creation of damage and the
2ejection process leading to sputtering is not a significant one, par­
ticularly near the surface. The distinction, such as it is, has proved 
to be a convenient one from the point of view of experimental work and 
theoretical analysis. In the work reported here, a successful attempt 
has been made to experimentally study both processes with the same 
techniques.
Technologically, radiation damage studies are of major impor­
tance because of the requirements of nuclear technology, space research 
and the applications of ion beams to various aspects of electronic 
technology, particularly in the fabrication of semiconductor devices.
In nuclear technology the understanding of the effects of radiation 
damage in materials from which nuclear reactors are constructed is 
essential, while in space research more information is needed on the 
effects of solar radiations on the materials from which various com­
ponents are made. The electrical behaviour of semiconductors is deter­
mined by extremely small concentrations of the appropriate impurities. 
Ion implantation is turning out to be a particularly suitable means of 
introducing such impurities in a controllable and reproducible manner 
with definite advantages over the conventional diffusion process.
However, the desired electrical effects can be obscured, and 
the reproducibility severely limited by the effects of ion bombardment 
induced damage. To minimize or eliminate such damage knowledge is 
needed about the various factors that influence the rate of creation of 
damage during the bombardment, and the rate of removal of such damage 
in addition to the annealing kinetics and the damage type.
At the same time the technological applications of sputtering 
have increased Substantially. It now finds application in such diverse 
fields as thin film technology where it is used in the deposition of 
thin films, vacuum technology, isotope preparation, surface physics
3where it is used for cleaning and etching of surfaces, plus a host of 
other fields.
Thus, more understanding is needed not only about the atomic 
collision processes in solids subjected to irradiation, but also about 
the behaviour of the defects that are caused by such bombardment and 
the effects these defects have on the physical properties of materials.
In the following chapters a detailed account is presented of 
the experimental work on, and the analysis of the results obtained from, 
atom ejection of Ge, Si and InSb, and the annealing kinetics of the ion 
bombardment induced damage. These three materials are of major tech­
nological importance in semiconductor device technology. With III-V 
compound semiconductors, ion implantation doping offers attractive 
advantages over thermal diffusion in device fabrication. Doping these 
substances using thermal diffusion is difficult because of preferential 
evaporation of the group V element at normal diffusion temperatures, 
chemical combination of dopants with the compound surface and the dif­
ferent rates of diffusion along the separate sublattices. Ion 
implantation doping overcomes these difficulties and offers greater 
control over dopant concentrations and profile.
The presentation of subject material is as follows:
Chapters one and two survey the present state of knowledge, 
relevant to the thesis, on ion bombardment of solid targets. The survey 
encompasses sputtered atom ejection studies, yield studies and work on 
radiation damage from theoretical and experimental viewpoints.
In the third chapter is a description of the apparatus used, 
and the experimental techniques employed, leaving chapters four to six 
for the results, analysis and discussion of the results. To facilitate 
analysis and discussion the results are presented and discussed in
4distinct chapters covering sputtered atom ejection, yield and radiation 
damage work even though these three areas overlap and were sometimes 
studied together experimentally,
These three subjects are brought together for a combined 
assessment, summary and conclusion at the end in chapter seven.
5CHAPIER 1
EXPERIMENTAL WORK AND THEORIES ON SPUTTERING 
1 . 1 INTRODUCTION
I n  t h i s  c h a p t e r  a b ro a d  b u t  n e c e s s a r i l y  b r i e f  s u r v e y  o f  
e x p e r i m e n t a l  t e c h n i q u e s  and t h e o r e t i c a l  t r e a t m e n t s  o f  s p u t t e r i n g  w i l l  
be  p r e s e n t e d .  E m phas i s  w i l l  t e n d  t o  be  p l a c e d  on medium e n e r g y  work 
(1 - 100 keV).  The p r e s e n t a t i o n  w i l l  commence w i t h  a s h o r t  s u r v e y  o f  
e x p e r i m e n t a l  t e c h n i q u e s  a p p l i e d  i n  t h e  s t u d y  o f  v a r i o u s  a s p e c t s  o f  
s p u t t e r i n g  phenomena.
1 . 2  SURVEY OF EXPERIMENTAL TECHNIQUES 
1 . 2 . 1  I n t r o d u c t i o n
The c o n d i t i o n s  i n  w h ich  an. e x p e r i m e n t  i s  c a r r i e d  o u t  a r e  
i m p o r t a n t  i f  a m e a n i n g f u l  c o m p a r i s o n  o f  r e s u l t s  w i t h  t h e o r y  i s  t o  be 
p e r f o r m e d .  I t  f o l l o w s ,  t h e r e f o r e ,  t h a t  t h e  e x p e r i m e n t a l  t e c h n i q u e  
s h o u l d  f u l f i l  v a r i o u s  r e l e v a n t  c r i t e r i a ,  and  t h a t  t h e  v a r i a b l e s  on 
w h i c h  t h e  m e a s u r e d  q u a n t i t i e s  depend  s h o u l d  b e  s p e c i f i e d .  When any one 
o f  t h e  c r i t e r i a  c a n n o t  be  s a t i s f i e d  t h e n  i t  i s  d e s i r a b l e  t h a t  t h e  
amount  o f  d e v i a t i o n  f rom t h e  opt imum i s  known o r  e s t i m a t e d .  I n  s p u t t e r ­
i n g  w o rk ,  a good e x p e r i m e n t  i s  c o n s i d e r e d  a s  one  i n  w h i c h  t h e  
p a r a m e t e r s  s e t  o u t  be l ow a r e  known o r  f u l f i l l e d :
( i )  The c o m p o s i t i o n  o f  t h e  i o n  beam s h o u l d  be  s p e c i f i e d .
( i i )  The i o n s  s h o u l d  be  m o n o e n e r g e t i c .
( i i i )  A l l  i o n s  s h o u l d  im p in g e  a t  t h e  same a n g l e  on t h e  t a r g e t .
( i v )  The s u r f a c e  o f  t h e  t a r g e t  s h o u l d  be  c l e a n  and c r y s t a l l o g r a p h -  
i c a l l y  w e l l  d e f i n e d .
6(v) An accurate measurement is required of the ion current density 
incident on the target, and of the pressure in the target 
chamber. Vacuum conditions in the target chamber should be 
clean.
(vi) The direction of emission of the ejected particles should be 
known.
(vii) It is essential to know the identity and energy distribution of 
particles leaving the target.
(viii) The temperature of the target should be known.
(ix) Back-diffusion of sputtered particles should be prevented.
With progress in vacuum and ion beam technologies experimenters are now 
able to meet most, if not all of these criteria. This is a recent 
development. Experimenters were not always able to satisfy these 
requirements as will be seen from the survey and references herein.
1.2.2 Bombardment Conditions
Since the discovery of sputtering [Grove, 1852], up to a 
little more than a decade ago, most of the bombardment parameters above 
could not be well defined. In particular, the energy of bombarding 
ions, their type and charge, and their angle of incidence could not be 
specified. This state of affairs arose out of the relatively high 
pressures (10 ' to 30 Torr) prevailing in the glow discharge environ­
ments which were necessary for the production of ions. At such pres­
sures the mean free path of the sputtered particles was small in 
comparison with the dimensions of the target chamber.
In addition, sputtered atoms were able to diffuse back to the
target. Any directionality inherent in the sputtered particles was
quickly destroyed in such an environment. The situation was improved
-2by operation of the discharges at lower pressures (1.4 X 10 to
72 X 1 0  Torr), usually with a magnetic field parallel to the discharge. 
The mean free path of the atoms was then comparable to or larger than 
the dimensions of the chamber. Several authors (Nelson [1959], Ogilvie 
and coworkers [1959]) have used this technique: the disadvantages of
which were that the energy spread of the ions was still large; there 
were uncertainties about the angle of incidence and charge states of
the ions; and the method was unusable at lower energies. Wehner [1957]
-4made further improvements by using a low pressure (~ 1 X 10 Torr) 
plasma technique.
In spite of the shortcomings, useful contributions to know­
ledge on sputtering were made by workers using the techniques above. 
Technological progress enabled development of ion beams and good vacuum 
techniques, and the development of sensitive detectors of sputtered 
particles. It was then possible to minimize the energy spread of the 
ions, control their charge state, select bombarding ion mass and pre­
determine the angle of incidence. Background gas pressures at the 
target are now generally less than 10  ^Torr, making the mean free path 
of gas molecules larger than the dimensions of laboratory target 
chambers.
The ion beams used have been obtained from different types of 
sources. Bradley [1954], using a surface ionization detector, carried 
out measurements of relative sputtering yields of sodium and potassium 
targets bombarded by low energy (up to 1.8 kV) rare gas ions extracted 
from a Finkelstein [1940] type ion source. Koedam [1961] produced up 
to 1 mA of current of rare gas ions (up to 1.5 kV energy) from a 
modified Penning discharge source. Nowadays sources commonly used 
include Duoplasmatron-type (see chapter 3) and RF-type ion sources.
81.2.3 Measurement of Yields and Angular 
Distribution of Sputtered Atoms
1.2.3.1 Techniques based on weight changes
When a target is placed in the path of a beam of particles of 
energy greater than about 100 eV, target atoms become dislodged from 
the surface. The number of target atoms knocked off per incident ion 
is termed the sputtering yield. The total yield of atoms ejected 
during a bombardment will depend, inter alia, on the flux of the bom­
barding particles, the target material and on the duration of 
irradiation. Consequently, if enough atoms are knocked off the 
resultant loss in weight of the target can be used to obtain the 
sputtering yield. The sputtering yield, S, is given by
where
and
Am N e 
A 3600 I t
Am is the weight change in grams,
N is the Avogadro's number,
A is the atomic weight of the target, 
e is the electronic charge in coulombs, 
I is the ion current in amps, 
t hours is the duration of bombardment.
0 - 1)
Am is determined by weighing the target before and after bombardment 
(Pleshivtsev [1960], Yonts and coworkers [1960], Rol and coworkers 
[1960], Almen and Bruce [1961a]).
The disadvantages of the method are:
(i) bombarding particles that get buried in the target cause errors 
in the value of S;
(ii) adsorbed layers form on the target when it is taken for weighing. 
This again reduces the value of S.
9A variant of this method is to measure the weight increase of 
the collector. This gives relative yields since the collector does not 
capture all the sputtered atoms, and it also suffers from errors caused 
by adsorbed layers.
A sophisticated variation of the mass change technique which 
is usable for thin film targets is to employ a vibrating quartz crystal, 
(McKeown [1961], MacDonald and Haneman [1966]). The resonant frequency 
fQ changes by Af when the load on the vibrating area of the crystal is 
changed by Am, where Am is the mass of material removed from or added 
to the vibrating area. Am is obtained from
Am = ~  M . (1.2)
o
The target is deposited as a film on the vibrating area of the quartz 
crystal and them bombarded. The mass change is observed as a frequency 
shift, Af, where M is the mass of the vibrating area of the crystal.
This method has none of the disadvantages of the above methods while it 
has the added advantages of great sensitivity.
1.2.3.2 Techniques based on optical spectroscopy
Measurement of relative yields by means of emission spectro­
scopy was introduced by v. Hippel [1926a], and improved on by Stuart 
and Wehner [1960, 1964], and Kreye [1964] who used the method to obtain 
low energy sputtering yields. Stuart and Wehner [1962] also used it to 
study the velocity distribution of sputtered particles. The target was 
placed in a plasma in which the sputtered atoms were excited. The 
emitted spectral lines were monitored by a monochromator and photomul­
tiplier. Kreye [1964] introduced a variation in the form of a 
resonance absorption technique whereby the sputtered atoms absorbed 
externally generated resonance lines. Sawatzky and Kay [1966] refined
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t h e  e m i s s i o n  s p e c t r o s c o p i c  t e c h n i q u e  by e x c i t i n g  t h e  s p u t t e r e d  p a r ­
t i c l e s  w i t h  low e n e r g y  e l e c t r o n s  o b t a i n e d  f rom  an e l e c t r o n  gun .  The 
a d v a n t a g e s  o f  t h i s  method  a r e  t h a t  i t  i s  an  i n - s i t u  m e th o d ;  i t  c a n  be  
u s e d  t o  c h a r a c t e r i z e  s p e c i e s  e j e c t e d  f rom t h e  t a r g e t ,  i t  c a n  be  u s e d  t o  
m o n i t o r  t h e  s p u t t e r i n g  p r o c e s s  a few l a y e r s  a t  a t i m e ,  and t h e  
r e s o l u t i o n  i s  i n d e p e n d e n t  o f  t h e  mass  o f  t h e  s p e c i e s .
1 . 2 . 3 . 3  Mass s p e c t r o m e t r i c  d e t e c t i o n
T h i s  met hod  h a s  many s i m i l a r i t i e s  t o  t h e  e l e c t r o n  i m p a c t  
e x c i t a t i o n  e m i s s i o n  s p e c t r o s c o p y  t e c h n i q u e .  I t  h a s  b e e n  u s e d  more  
e x t e n s i v e l y  t h a n  t h e  o p t i c a l  m e t h o d ,  t h o u g h  m a i n l y  t o  s t u d y  s e c o n d a r y  
i o n s  r a t h e r  t h a n  n e u t r a l s .  Honig  [ 1 9 5 8 ] ,  B r a d l e y  [ 1 9 5 9 ] ,  V e k s l e r  
[ 1 9 6 0 ] ,  S t a n t o n  [ 1 9 6 0 ] ,  Kaminsky [ 1 9 6 2 ] ,  Cob urn  [ 1 9 7 0 ] ,  J u r e l a  and 
P e r o v i c  [1968]  and MacDonald  [ 1 9 7 0 a , b ]  h a v e  u s e d  t h e  t e c h n i q u e  t o  
m o n i t o r  t h e  s p u t t e r e d  p a r t i c l e s .  Woodyard and Coope r  [1 964]  em p lo y ed  
an o s c i l l a t i n g  e l e c t r o n  beam f o r  i o n i z i n g  t h e  s p u t t e r e d  n e u t r a l s .  The 
p r o b a b i l i t y  o f  i o n i z a t i o n  o f  s p u t t e r e d  a tom s  i s  low on a c c o u n t  o f  t h e i r  
r e l a t i v e l y  h i g h  e n e r g i e s  ( ~  10 eV) .  Both  t h e  mass  s p e c t r o m e t r i c  and 
e m i s s i o n  o p t i c a l  t e c h n i q u e s  a r e  s u b j e c t  t o  b a c k g r o u n d  n o i s e ,  and 
m o d u l a t i o n  t e c h n i q u e s  ( K r e y e  [ 1 9 6 4 ] ,  S aw a tz k y  and Kay [ 1 9 6 6 ] )  h a v e  t o  
be  u s e d .
1 . 2 . 3 . 4  O t h e r  m e th o d s
The o t h e r  m e th o d s  u s e d  t o  i n v e s t i g a t e  s p u t t e r i n g  phenomena  
v a r y  f rom s u r f a c e  i o n i z a t i o n  d e t e c t o r s  ( B r a d l e y  [ 1 9 5 4 ] )  r e s t r i c t e d  t o  
a l k a l i  m e t a l s ,  t o  r a d i o a c t i v e  i s o t o p e  t e c h n i q u e s  ( O ' B r i a i n  and 
c o w o r k e r s  [ 1 9 5 8 ] )  a n d  t o  t h e  more  r e c e n t  a c t i v a t i o n  a n a l y s i s  m e th o d .  
A g r a n o v i c h  and c o l l e a g u e s  [1970]  em ployed  t h e  a c t i v a t i o n  a n a l y s i s  
metho d t o  i n v e s t i g a t e  t h e  a n g u l a r  d i s t r i b u t i o n  o f  i n d i u m  an d  a n t i m o n y
atoms sputtered from InSb targets. The collector was activated in a 
thermal neutron flux from a reactor, and photometric techniques were 
used to measure the relative amounts of the two elements. Chadderton
and colleagues [1971] activated the target instead in a thermal neutron 
12 -2 -1flux (-4 X 10 cm sec ) to induce a specific activity of 10 m Ci/gm
, a 198.(Au ).
1.3 REVIEW OF SPUTTERING RESULTS 
1.3.1 Introduction
This review will be largely confined to results obtained in 
the energy range 1 keV to approximately 100 keV. Excellent reviews of 
low energy work are given by Massey and Burhop [1952], and Wehner 
[1955], while more up to date information is contained in the review by 
Behrisch [1964] and in the books by Kaminsky [1965], and Carter and 
Colligon [1968]. The discussion of results from polycrystalline tar­
gets will be brief, while the results from single crystal targets will 
be presented in slightly more detail. An up to date survey of the 
theoretical treatment of sputtering will also be presented.
1.3.2 Results from Polycrystalline Targets
Many variables are known to affect the sputtering yield; 
some of the more important being ion energy, mass and atomic number, 
target temperature and material, and angle of ion incidence. A great 
deal of effort has been, and is being expended towards examining the 
effects of these variables on the sputtering process. For instance, a 
number of authors have investigated the variation of sputtering yield 
with ion energy. Pitkin [1961] bombarded copper, molybdenum and 
tungsten with rare gas ions of 9 to 39 keV energy in his investigation 
of the influence of ion energy on the sputtering yield, S. The yield
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increased with energy until about 15 ~ 20 keV when it levelled off to a 
constant plateau. Rol and coworkers [1961] obtained results which 
showed the same trend with the levelling off commencing between 5 and 
10 keV. Figure 1.1 shows the results obtained by Rol et al. The 
energy at which levelling off commences depends on the ion mass, as is 
evident from the results of Rol et al. [1961], and Almen and Bruce 
[1961a]. This dependence of S on ion energy occurs for normal 
incidence as well as oblique incidence (Bader and coworkers [1961]).
The sputtering yield varies with the bombarding ion mass and 
target material. However, when the ion beam is made up of the same 
material as the target the yield is called the self-sputtered yield.
It has been found (Laegreid and Wehner [1961], Almen and Bruce [1961a]) 
that when the yields are plotted as functions of atomic number all 
three cases show periodicities, two of which are displaced in
Figs. 1.2a,b. The results of Laegreid and Wehner peak at Cu, Ag and Au 
whose atoms have nearly filled 3d, 4d and 5d electron shells, while 
those of Almen and Bruce show the duality between the incident ion and 
the struck atom. The self-sputtering results (Fig. 1.2b) peak at Zn 
(filled 3d and 4s shells), Cd (filled 4d and 5s shells), and Hg (filled 
5d and 6s shells).
Another parameter of sputtering is the angle of incidence
which can be varied from 0° to 90°. Figure 1.3 shows curves of S as a
function of the angle of incidence from the work of Rol et al. [1961],
Molchanov and colleagues [1961]. The latter authors concluded that
otheir results could be described, up to 70 , by the formula
So
cosa (1.3)
where S is the sputtering ratio for normal incidence, while Rol et al. o
felt that
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Fig. 1.1: Sputtering ratio of copper bombarded with Ne , N , Cl , A
and I ions at normal incidence (after Rol et al. [1961]).
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Fig. 1.2a: Sputtering yield as a function of target atomic number,
showing a periodicity related to the filling of d shells (Ions 
400 eV A+) (after Laegreid and Wehner [1961]).
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F ig .  1 . 2 b :  The s e l f - s p u t t e r i n g  r a t i o  as  a f u n c t i o n  o f  a to m ic  number
( a f t e r  Almen and Bruce [ 1 9 6 1 ] ) .
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Fig. 1.3: Spattering ratio of copper as a
function of the angle of incidence, a, for 
27 keV A+ [Molchanov, 1961], and 20 keV A+ 
[Rol et al., 1961]. (a = 0, normal 
incidence.)
S (2 - cosq cosa So (1.4)
was the best fit for their results up to « 45o
Variation of the sputtering yield with target temperature was
found to be negligible until high temperatures were reached. Nelson
[1965] investigated the influence of the target temperature on the
yields of a number of elements, including germanium, bombarded with 
“I" “4“ *4“45 keV Xe , A and Ne . Figure 1.4 shows the results obtained by 
Nelson. The sharp increases at the high temperature end of the curves 
were explained by Nelson in terms of evaporation from thermal spikes 
created by the ions.
The angular distribution of sputtered atoms was first invest­
igated by Seelinger and Sommermeyer [1935] who reached the conclusion 
that the distribution followed the cosine law independently of the 
angle of incidence. This result seemed to support the evaporation 
theory of sputtering (v. Hippel [1926b]) until Wehner [1955, 1956] 
showed that the distribution was actually ’below cosine'. Investiga­
tions by Rol and colleagues [1960] (energy, 20 keV), and Cobic and 
Perovic [1960] (energy, 17 keV) showed the distribution changed from
16
F i g .  1 . 4 :  V a r i a t i o n  o f  t o t a l  s p u t t e r i n g  f i e l d  w i t h  t e m p e r a t u r e
( n o r m a l i z e d  t o  a t o t a l  dose  o f  2 . 9  X 1 0 ^  i o n s ) .  ( A f t e r  Ne lson  
[ 1 9 6 5 ] ) .
b e i n g  'b e low  c o s i n e '  t o  b e in g  ' a b o v e  c o s i n e '  a t  t h e  h i g h e r  e n e r g i e s .
At o b l i q u e  i n c i d e n c e  and a t  h ig h  e n e rg y  t h e  d i s t r i b u t i o n  i s  r a t h e r  
G a u s s ia n  (Rol  and coworkers  [1961];  ( e n e r g y ,  5 - 2 5  k e V ) ) .  Cobic  and 
P e r o v ic  f u r t h e r  found t h a t  t h e  d i s t r i b u t i o n  changed bo th  w i t h  t a r g e t  
t e m p e r a t u r e  ( -1 6 0 °  t o  100 °C) and d u r a t i o n  o f  bombardment .
The l a r g e s t  s i n g l e  s tu d y  o f  t h e  a v e r a g e  k i n e t i c  e n e rg y  o f  
s p u t t e r e d  p a r t i c l e s  was con d u c te d  by K a p i t z k i  and S t i e r  [1961, 1962, 
1963] who bombarded numerous t a r g e t s  w i t h  r a r e  gas  i o n s . o f  e n e rg y  v a r y ­
in g  from 20 keV. These  a u t h o r s  p l o t t e d  t h e i r  r e s u l t s  f rom 35 keV Xe+ 
bombardment  o f  v a r i o u s  t a r g e t s  and found a p e r i o d i c i t y  i n  t h e  v a l u e s  o f  
t h e  a v e r a g e  en e rg y  c o r r e s p o n d i n g  t o  t h e  p e r i o d i c  t a b l e .  The a v e r a g e  
k i n e t i c  e n e rg y  was found t o  have  min imal  dependence  on t h e  i n c i d e n t  i o n  
e n e rg y ,  and a  s t r o n g e r  dependence  on t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  i o n s .  
Almen and Bruce [1961a]  r e p o r t e d  some d a t a  on mean e n e r g i e s  o f  s p u t ­
t e r e d  atoms from a number o f  e l e m e n t s  unde r  bombardment by 45 keV 
k r y p t o n - i o n s  i n c i d e n t  a t  45° .  Very s m a l l  v a r i a t i o n s  were  found w i t h  
i o n  ene rgy  i n  t h e  i o n  energy  25 t o  50 keV. Using an o p t i c a l  t i m e - o f -  
f l i g h t  t e c h n i q u e  t o  o b t a i n  t h e  v e l o c i t y  d i s t r i b u t i o n  o f  a toms e j e c t e d .
17
from copper bombarded by up to 1200 eV mercury and noble gas ions,
Stuart and Wehner [1964] found an average energy for the atoms of 5 to 
15 eV, with the distribution showing a high energy tail. Thompson and 
Nelson [1962] employing a rotating velocity selector, observed that the 
energy spectrum of atoms sputtered from gold under rare gas ion bombard­
ment had a low energy peak at 0.15 eV. With 43 keV xenon-ion bombard­
ment the peak accounted for 12°J0 of all atoms sputtered, while with 
42.5 keV argon ions it accounted for 4$.
1 .4 SINGLE CRYSTAL STUDIES 
1.4.1 Introduction
Sputtering of monocrystals gives results that are markedly 
different from polycrystalline results. In single crystal targets the 
lattice structure modulates the interaction between the incident ions 
and target atoms to an extent absent in polycrystalline targets. 
Experiments have demonstrated that the physical processes involved in 
the penetration of energetic ions and in their slowing down are 
governed by the regularity of the lattice structure, and in addition 
the path of an ion in the lattice is known to depend on the direction 
of its movement in the lattice. These directional effects have been 
observed in both incoming and outgoing particles. The differences 
between polycrystals and monocrystals arise from the fact that even 
though the former has monocrystallites regular in structure, in fact, 
it behaves as a random system.
The anisotropy in the interaction of ion beams and single 
crystal targets has proved to be of exceptional interest and importance. 
The anisotropy is experimentally observed not only in single crystal 
sputtering but also in ion penetration (Davies and coworkers [I960]) 
studies on ion transmission (Nelson and Thompson [1963]), nuclear
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r e a c t i o n s  (B0gh, Davies  and N i e l s e n  [1963];  Thompson [ 1 9 6 4 ] ) ,  b l o c k i n g  
e x p e r i m e n t s  (Gemmell and Ho l land  [ 1 9 6 5 ] ) ,  R u t h e r f o r d  s c a t t e r i n g  (N e lson  
and Thompson [ 1963 ] ) ,  B0gh and Uggerh^jm [ 1 9 6 5 ] ) ,  i o n  s c a t t e r i n g  
( A r i f o v  and A l i e v  [1 9 6 9 ] ) ,  i o n - i o n  e m i s s i o n  (Bukhanov and cow orke rs  
[ 1 9 7 0 ] ) ,  and i o n - e l e c t r o n  e m i s s i o n  (Mashkova and cow orke rs  [1964a ] ,  
F a g o t ,  Colombie and F e r t  [ 1 9 6 7 ] ) .  These  phenomena a r e  t r e a t e d  i n  t h e  
monogram o f  Ne lson  [1968] and i n  t h e  book by C a r t e r  and C o l l i g o n  [1968] .  
I n  t h e  f o l l o w i n g  pages o f  t h i s  c h a p t e r  t h e  i n t e r a c t i o n  o f  e n e r g e t i c  
i o n s  w i t h  s i n g l e  c r y s t a l s  w i l l  be examined from t h e  p o i n t  o f  view o f  
s p u t t e r i n g ,  and t h e  e f f e c t s  such bombardment  p a r a m e t e r s  a s  a n g l e  o f  ion  
beam i n c i d e n c e ,  i o n  e ne rgy  and mass,  t a r g e t  c r y s t a l  l a t t i c e  s t r u c t u r e  
and t e m p e r a t u r e  have on t h e  p r o c e s s .
1 . 4 . 2  I n f l u e n c e  o f  Ion Beam I n c i d e n c e
The a n g l e  o f  i n c i d e n c e  o f  t h e  io n  beam w i t h  r e s p e c t  t o  c r y s ­
t a l  l a t t i c e  d e t e r m i n e s  t h e  p e n e t r a t i o n  o f  t h e  i o n s  and t h e  s p u t t e r i n g  
r a t e .  S t u d i e s  have d e m o n s t r a t e d  (Rol  [1960] ,  Molchanov [1962 ] ,  and 
t h e i r  co w o rk e rs )  t h a t  t h e  s p u t t e r i n g  y i e l d  i s  l e a s t  when t h e  beam i s  
a l i g n e d  w i t h  a d i r e c t i o n  o f  l e a s t  o p a c i t y .
I n  f a c t ,  t h e  i n v e s t i g a t i o n s  o f  Rol and h i s  c o l l e a g u e s  [1959] 
on t h e  v a r i a t i o n  o f  t h e  s p u t t e r i n g  y i e l d ,  S, w i t h  t h e  a n g l e  o f  i o n  beam 
i n c i d e n c e  l e d  t o  t h e  d i s c o v e r y  o f  c h a n n e l l i n g  by Robinson  and Oen 
[1963] .  F l u i t ,  Rol and K i s te m a k er  [1963] have r e p o r t e d  on t h e  bombard­
ment o f  (100)  coppe r  s i n g l e  c r y s t a l s  r o t a t e d  a ro und  a (010)  d i r e c t i o n  
w i t h  20 keV a rg o n  and neon i o n s ,  and (110)  c r y s t a l s  r o t a t e d  a round  t h e  
(OOl) ,  w i t h  20 keV a rgon  and k r y p t o n  i o n s .  S p u t t e r i n g  y i e l d s  were  
m o n i to re d  as  a f u n c t i o n  o f  t h e  a n g l e  o f  i o n  beam i n c i d e n c e .  Minimum 
v a l u e s  o f  s p u t t e r i n g  y i e l d s  were  o b s e r v e d  a t  a n g l e s  o f  i n c i d e n c e  o f  0° ,  
11° ,  18° ,  27° ,  and 45° c o r r e s p o n d i n g  t o  c r y s t a l l o g r a p h i c  d i r e c t i o n s
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(OlO),  ( 015 ) ,  (013) ,  (012)  and (Ol 1) r e s p e c t i v e l y  f o r  t h e  (100)  c r y s ­
t a l s .  For  t h e  (110)  c r y s t a l s  minima o c c u r r e d  f o r  a n g l e s  o f  i n c i d e n c e  
0° ,  14°,  18°,  27° and 45° which ,  i n  t u r n ,  c o r r e s p o n d e d  t o  a l i g n m e n t  o f  
t h e  i o n  beam w i t h  t h e  c r y s t a l l o g r a p h i c  d i r e c t i o n s  ( Oi l ) ,  ( 0 3 5 ) ,  (012) ,
(013)  and (OlO).  S i m i l a r  r e s u l t s  were  o b t a i n e d  by Molchanov and c o l ­
l e a g u e s  [1962] who bombarded (100)  coppe r  and n i c k e l  s i n g l e  c r y s t a l s
- j -
r o t a t e d  a ro und  (110)  d i r e c t i o n s  w i t h  27 keV Ar , w h i l e  Almen and Bruce 
[1961a]  bombarded t h e  (111)  s u r f a c e  o f  coppe r  s i n g l e  c r y s t a l s  r o t a t e d  
a round t h e  (110)  d i r e c t i o n .  The l a t t e r  a u t h o r s  o b t a i n e d  minima c o r r e s ­
ponding  t o  i o n  beam i n c i d e n c e  a lo n g  t h e  (1 1 0 ) ,  ( 233 ) ,  ( i l l ) ,  (112 ),
( 1 1 4 ) ,  and (100)  d i r e c t i o n s .  The v a r i a t i o n  o f  t h e  y i e l d ,  S, w i t h  a n g l e  
o f  i n c i d e n c e  o b t a i n e d  by Almen and Bruce i s  shown i n  F i g .  1 . 5 .  The 
i n f l u e n c e  o f  t h e  a n g l e  o f  beam i n c i d e n c e  on S, t h e  y i e l d ,  i n  sem icon­
d u c t o r  c r y s t a l s  was i n v e s t i g a t e d  by Sommerfe ld t  and cow orke rs  [1972] 
who bombarded s i l i c o n  and germanium (111)  c r y s t a l s  r o t a t e d  a round  an 
(112)  a x i s  w i t h  a rg o n  i o n s  o f  up t o  30 keV. The b e h a v io u r  o f  sem icon­
d u c t o r  s i n g l e  c r y s t a l s  i s  d i f f e r e n t  f rom t h a t  o f  m e t a l l i c  c r y s t a l s  i n  
t h a t  t h e  s e m ic o n d u c to r  c r y s t a l  has  t o  be m a i n t a i n e d  a t  t e m p e r a t u r e s  
h i g h e r  t h a n  t h e  t r a n s i t i o n  t e m p e r a t u r e  ( s e e  below) f o r  one t o  o b t a i n  a 
non-monoton ic  v a r i a t i o n  o f  S w i t h  t h e  a n g l e  o f  beam i n c i d e n c e .  Thus 
Sommerfe ld t  and c o l l e a g u e s  o b s e r v e d  a monoton ic  v a r i a t i o n  o f  S w i t h  t h e
a n g l e  o f  i n c i d e n c e  f o r  a t a r g e t  t e m p e r a t u r e  o f  200 °C, and a non-
omono ton ic  v a r i a t i o n  a t  a t e m p e r a t u r e  o f  600 C f o r  s i l i c o n .  Minima i n  
y i e l d s  o c c u r r e d  i n  ( i l l ) ,  (13 2 ) ,  ( 1 1 4 ) ,  (012)  and (152)  d i r e c t i o n s .
The dependence  o f  S on t h e  a n g l e  o f  beam impact  was a l s o  
i n v e s t i g a t e d  f o r  beams i n c i d e n t  n o r m a l ly  on d i f f e r e n t  low in d e x  c r y s ­
t a l l o g r a p h i c  p l a n e s  w i t h o u t  t a r g e t  r o t a t i o n .  Rol and c o l l e a g u e s  [1960] 
have  measured  t h e  s p u t t e r i n g  y i e l d s  o f  ( 1 1 1 ) ,  (110)  and (100)  copper  
s i n g l e  c r y s t a l s  on which  20 keV a r g o n  i o n  beams were i n c i d e n t  n o r m a l ly .
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Fig. 1.5: Sputtering ratio of a (111) copper single crystal turned
around a (l10) axis (after Almen and Bruce [1961a]).
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Fig. 1.6: Dependence of the sputtering ratio on angle of incidence
with ion energy as a parameter; (--) 15 keV, (-- ) 10 keV,
(-••-) 5 keV, (-•••-) 35 keV (after Onderdelinden [1967]).
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U s i n g  1 t o  10 keV a r g o n  i o n s  Magnuson and C a r l s t o n  [1963]  s t u d i e d  
y i e l d s  o f  ( 1 1 1 ) ,  (1 1 0 )  and (1 0 0 )  c o p p e r  and s i l v e r  c r y s t a l s ,  w h i l e  
S o u t h e r n ,  W i l l i s  and R o b i n s o n  [1963]  em ployed  5 keV A+ t o  bombard t h e  
( 0 0 1 ) ,  ( 0 1 5 ) ,  ( 0 1 3 ) ,  ( 0 1 2 ) ,  ( 0 2 3 )  and ( 0 1 1 )  s u r f a c e s  o f  c o p p e r .  The 
c r y s t a l l o g r a p h i c  d e p e n d e n c e  i n  t h e  y i e l d
s ( 111) > S(100)  > S( 110)
was o b t a i n e d  by t h e  t h r e e  g r o u p s .
T h e s e  g r o u p s  and o t h e r s  ( M a r t y n e n k o  [ 1 9 6 5 a , b ] ;  O d i n s t o v  
[ 1 9 6 3 ] )  e x p l a i n e d  t h e s e  r e s u l t s  on  a p h e n o m e n o l o g i c a l  b a s i s  i n  t e r m s  o f  
t h e  t r a n s p a r e n c y  o r  o p a c i t y  o f  t h e  l a t t i c e  t o  i o n s  i n c i d e n t  a l o n g  
v a r i o u s  a n g l e s .  I n  t h e  t r a n s p a r e n c y  model  t h e  l a t t i c e  i s  assumed  t o  be  
an  a r r a y  o f  h a r d  s p h e r e s  wh ose  d i a m e t e r s  e f f e c t i v e l y  d ep e n d  on t h e  c o l ­
l i s i o n  c r o s s - s e c t i o n  o f  t h e  i n c o m i n g  i o n  w i t h  t h e  a t om s  o f  t h e  t a r g e t .  
I n c i d e n t  i o n s  had  a g r e a t e r  p r o b a b i l i t y  o f  c o l l i d i n g  w i t h  a t a r g e t  a tom 
i n  t h e  s u r f a c e  l a y e r s  f o r  t h o s e  d i r e c t i o n s  o f  i n c i d e n c e  n o rm a l  t o  t h e  
more c l o s e  p l a n e s .  I t  was a ssum ed  t h a t  o n l y  t h e  f i r s t  c o l l i s i o n  o f  t h e  
i o n  w i t h  a t a r g e t  a tom i s  i m p o r t a n t  f o r  t h e  s p u t t e r i n g .  O n d e r d e l i n d e n  
[1966]  p u t  a s i d e  t h i s  a s s u m p t i o n  and a p p l i e d  t h e  t h e o r y  o f  L i n d h a r d  
[1965]  t o  t h e  s p u t t e r i n g  p r o c e s s .  T h e s e  t h e o r i e s  a r e  d i s c u s s e d  i n  
d e t a i l  i n  a l a t e r  s e c t i o n  o f  t h i s  c h a p t e r .  U s i n g  5 - 3 5  keV a r g o n  i o n s  
O n d e r d e l i n d e n  bombard ed  ( 1 0 0 )  c o p p e r  s i n g l e  c r y s t a l s  r o t a t e d  a r o u n d  
( O i l )  a x e s .  Minima i n  y i e l d  w e r e  fo u n d  i n  ( 1 0 0 ) ,  (2 1 1 )  an d  (4 1 1 )  d i r e c ­
t i o n s .  O n d e r d e l i n d e n  c a l c u l a t e d  f r om  t h e o r y  t h e  w i d t h s  o f  t h e  min ima  
and com pared  h i s  t h e o r e t i c a l  w i d t h s  w i t h  t h e  e x p e r i m e n t a l l y  m e a s u r e d  
o n e s .  The a g r e e m e n t  b e t w e e n  t h e  two was s a t i s f a c t o r y .  F u r t h e r m o r e ,  
t h e  s i z e s  o f  w i d t h s  w e r e  fo u n d  t o  d e p e n d  on  t h e  e n e r g y  o f  t h e  i o n s .
The minima became n a r r o w e r  and more  p r o n o u n c e d  a t  h i g h e r  e n e r g i e s .
F i g u r e  1 .6  shows t h e s e  r e s u l t s .
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O n d e r d e l in d e n  a l s o  measured  t h e  s p u t t e r i n g  r a t i o  as  a f u n c ­
t i o n  o f  i o n  energy  o b t a i n e d  by bombarding  s i n g l e  c r y s t a l s  o f  copper  
w i t h  a rg o n  i o n s  o f  v a r i o u s  e n e r g i e s  as  shown i n  F i g .  1 . 7 .  Shown on t h e  
same g raph  a r e  t h e  y i e l d s  o b t a i n e d  by Y o n ts ,  Normand and H a r r i s o n  
[1960] f rom p o l y c r y s t a l l i n e  c o p p e r ,  and Magnuson and C a r l s t o n  [1963] 
f rom s i n g l e  c r y s t a l  coppe r  t a r g e t s .  Snouse and Haughney [1966] bom­
b a rd e d  ( 1 1 1 ) ,  ( 1 0 0 ) ,  and (110)  s u r f a c e s  o f  copper  s i n g l e  c r y s t a l s  w i t h  
a r g o n  i o n s  o f  e ne rgy  r a n g i n g  from 0.1 t o  200 keV im p in g in g  on t h e  t a r ­
g e t  a t  normal  i n c i d e n c e .  For h i g h e r  bombardment e n e r g i e s  t h e  r e s u l t s  
o f  Snouse and Haughney showed s i m i l a r  e n e rg y  dependence  t o  t h a t  i n  
F ig .  1 . 4 .
I n  c o n t r a s t  t o  m e t a l l i c  t a r g e t s  t h e  form o f  t h e  v a r i a t i o n  o f  
s p u t t e r i n g  y i e l d  w i t h  en e rg y  d e pe nds ,  i n  s e m i c o n d u c t o r s ,  on w h e th e r  t h e  
t a r g e t  i s  h e l d  above or  below t h e  t r a n s i t i o n  t e m p e r a t u r e  d u r i n g  t h e  
bombardment.  R e s u l t s  o b t a i n e d  by F a r r e n  and S c a i f e  [1968] ,  and by 
Sommerfe ld t  and c o l l e a g u e s  [1972] d e m o n s t r a t e  t h i s  p a t t e r n .  F a r r e n  and 
S c a i f e  bombarded g a l l i u m  a r s e n i d e  ( 1 0 0 ) ,  ( 1 1 0 ) ,  and (111)  c r y s t a l s  w i t h  
n o r m a l ly  i n c i d e n t  8 t o  16 keV a rgon  i o n s .  T h e i r  r e s u l t s  (shown i n  
F ig .  1 . 8 )  show t h a t  below t h e  t r a n s i t i o n  t e m p e r a t u r e  t h e  s p u t t e r i n g  
y i e l d  i n c r e a s e d  w i t h  e ne rgy  - a r e s u l t  a l s o  o b t a i n e d  by Sommerfe ld t  and 
coworkers  - and i s  i n d e p e n d e n t  o f  t h e  c r y s t a l  s u r f a c e .  However, when 
t h e  t a r g e t  was h e l d  d u r i n g  bombardment ,  a t  t e m p e r a t u r e s  above  t h e  
t r a n s i t i o n  t e m p e r a t u r e ,  t h e  s p u t t e r i n g  y i e l d  d e c r e a s e d  w i t h  e n e r g y ,  and 
t h e  form o f  t h e  v a r i a t i o n  i n d i c a t e d  t h e  p o s s i b l e  o c c u r r e n c e  o f  a 
maximum a t  lower e n e r g i e s .  T h i s  r e s u l t  i s  i n  c o n t r a s t  w i t h  t h e  r e s u l t  
o b t a i n e d  by Sommerfe ld t  and c o l l e a g u e s  f o r  germanium (111)  s i n g l e  
c r y s t a l s ,  bu t  i s  i n  ag reem en t  w i t h  t h e i r  s i l i c o n  (111)  r e s u l t s .
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Fig. 1.7: Sputtering yield of copper as a function of ion energy for
normally incident A+ . V - Yonts et al. [I960]. A, Q  , Q -  
Magnuson et al. [1963]. A, Q  , ©  - Onderdelinden (after 
Onderdelinden [1966]).
9,0-10 *C.
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Fig. 1.8: Sputtering yields of single crystals of gallium arsenide as
a function of ion energy with target temperature as a parameter 
(after Farren and Scaife [1968]).
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1.4.3 Spatial Distribution of Sputtered Atoms
It has been pointed out in the above that the single crystal 
lattice structure strongly modulates the interaction between impinging 
ions and target atoms. Some of the effects of this modulation appear­
ing in the form of non-isotropic variation of yield with beam incidence 
angle were discussed in section 1.4.2. The influence of the single 
crystal lattice structure can also be seen in the anisotropic propaga­
tion, by outgoing atoms, of the energy deposited (anisotropically) by 
the incoming ions. Sputtered atom ejection patterns show this aniso­
tropy which manifests itself as unequal rates of atomic ejection from 
the various crystallographic directions intersecting the surface. Some 
of these directions are more preferred than others for propagating 
energy. Consequently, studies into the spatial distribution of ejected 
atoms can, therefore, furnish valuable information about the collision 
mechanisms in the lattice.
As is well known, the first experimental result indicating 
preferred ejection was obtained by Wehner [1956]. Wehner bombarded 
tungsten, silver and germanium monocrystals with 125 to 150 eV mercury 
ions (Hg+). His results clearly indicated preferred directed ejection 
from some crystallographic directions.
To explain such results Silsbee [1957] advanced a model which 
regarded the atoms of the monocrystal lattice as hard spheres, with 
constant spacing D and energy dependent radii, R, along which rows 
momentum may be focused. Focusing was possible along those close 
packed directions where the spacing between the spheres is less than 
twice the diameter of the spheres. Such focusing leads to propagation 
of the collision sequences along the row. This model and others 
(Nelson and Thompson [1961]; Lehmann and Sigmund [1966]) will be dis­
cussed in a following section. For the present suffice it to say that
25
the Silsbee model has been invoked to explain the directed ejection 
from close packed directions such as \ 110) in fee lattices, while a 
different model, but one still based on the focusing concept, has been 
applied to ejection from directions in which simple focused collision 
sequences are not expected to propagate. An example of the latter case 
arises in (lOO) directions of fee crystals from which directed ejection 
occurs (as results quoted below clearly show) even though it can be 
shown analytically that simple focusing should not be possible here.
In such cases assisted focusing has been postulated (Nelson and 
Thompson [1962]) so called because rings of atoms surrounding the (lOO) 
axis enable those atoms situated along the axis in carrying out hard 
sphere correlated collisions along the row by 'focusing' the projectile 
atom onto the next (lOO) atom. The results from experimental studies 
of directed ejection from metallic and semiconductor targets will now 
be described.
Ejection patterns obtained from targets of the same crystallo­
graphic family (e.g. fee) resemble one another rather closely. For 
example, ejection patterns from rare-gas-ion bombardment of aluminium 
(Anderson [1962]; Nelson and Thompson [1962]; Cunningham and col­
leagues [1963 and 1964]) resemble the corresponding patterns from gold 
(Anderson [1962]; Nelson and Thompson [1962]) and copper (Southern, 
Willis and Robinson [1963]). This review will deal mainly with fee 
metals and semiconductor targets. More comprehensive reviews are in 
Kaminsky [1965], Behrisch [1964] and Carter and Colligon [1968].
Among the early workers in this field were Anderson and 
Wehner [1960] who bombarded (100) crystals of copper, nickel, aluminium 
and gold with mercury and rare gas ions of energies less than 1 keV.
Each ejection pattern showed four spots due to (110) type ejection. A 
similar result was obtained by Koedam [1961] with 200 - 500 eV rare gas
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i o n s .  At h i g h e r  e n e r g i e s  (1 t o  2 keV) Koedam and c o l l e a g u e  [1960,
1961] o b t a i n e d  from (100)  c o p p e r ,  i n  a d d i t i o n  t o  t h e  f o u r  (110)  s p o t s ,
a s p o t  due t o  (lOO) e j e c t i o n .  Us ing 8 keV A+ i n c i d e n t  a t  0° ,  45° and 
o
60 t o  t h e  (100)  copper  s i n g l e  c r y s t a l  t a r g e t  no rm a l ,  Yurasova  and he r  
cow orke rs  [1960] a l s o  o b s e rv e d  f o u r  (110)  s p o t s  p l u s  a s i n g l e  (100)  
s p o t .  On i n c r e a s i n g  t h e  e n e rg y  from 5 t o  50 keV t h e  i n t e n s i t y  o f  t h e  
(lOO) s p o t  r e l a t i v e  t o  (1 10) s p o t s  i n c r e a s e d  from 1 .5  t o  3 . 7 5  keV. In  
a d d i t i o n  t o  (100)  copper  P e r o v i c  [1961] a l s o  bombarded (100)  l e a d  s i n ­
g l e  c r y s t a l s  w i t h  10 t o  25 keV a rg o n  i o n s  w i t h  r e s u l t s  s i m i l a r  t o  t h o s e  
o f  t h e  above a u t h o r s .  Aluminium, a l s o  an fee  m e t a l ,  y i e l d e d  e j e c t i o n  
p a t t e r n s  s i m i l a r  t o  t h o s e  o f  coppe r  when i t s  (100)  s i n g l e  c r y s t a l s  were 
bombarded w i t h  8 keV a rgon  i o n s  (Cunningham and c o l l e a g u e s  [1 9 6 3 ] ) .  
Cunningham, Gow and Ng-Yelim v a r i e d  t h e  a n g l e  o f  i n c i d e n c e  o f  t h e  i o n  
beam i n  such a way t h a t  t h e  beam impinged  p a r a l l e l  t o  ( 1 1 2 ) ,  ( i l l ) ,
( l 10) and (lOO) d i r e c t i o n s .  The q u a n t i t y  o f  m a t e r i a l  i n  a g i v e n  s p o t  
was found t o  d e c r e a s e  as  t h e  a n g l e  o f  d e v i a t i o n  be tw een  t h e  c o r r e s p o n d ­
in g  c r y s t a l l o g r a p h i c  d i r e c t i o n  and t h e  i o n  beam i n c i d e n c e  b u t  o t h e r w i s e  
t h e  e j e c t i o n  d i r e c t i o n s  d i d  no t  change .  V a r i a t i o n s  from t h e  above 
r e s u l t s  ( i . e .  (100)  copper  e j e c t i o n  p a t t e r n s )  a p p e a r e d  a f t e r  t h e  work 
o f  Ne l son  and Thompson [1961] who bombarded (100)  coppe r  w i t h  10 keV 
a rg o n  i o n s  i n c i d e n t  a t  20° ,  and (100)  s i l v e r ,  a g a i n  w i t h  10 keV a rg o n  
i o n s  i n c i d e n t  a t  20° .  On each  p a t t e r n  f o u r  (110)  s p o t s ,  and a s i n g l e  
(100)  s p o t  were  found as  pe r  above ,  bu t  Ne lson  and Thompson a l s o  
o b t a i n e d  f o u r  (112)  s p o t s .
R e s u l t s  s i m i l a r  t o  Ne l son  and Thompson a r e  t h o s e  o f  Kaminsky 
[1962, 1963] who used t h e  much h i g h e r  e n e rg y  o f  125 keV i n  bombarding  
(100)  coppe r  w i t h  D+ i n c i d e n t  a t  31° ,  and (100)  s i l v e r  bombarded a t  an 
a n g l e  o f  45 ° .  Kaminsky m easu red ,  o p t i c a l l y ,  t h e  d i s t r i b u t i o n  o f  
m a t e r i a l  i n  each  s p o t  which he found t o  be G a u s s ia n  r a t h e r  t h a n  c o s i n e ,
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as might be expected from a 'heated spike1 model for ejection. More 
detail was obtained by Bukhanov and his colleagues [1971] who, on bom­
barding (100) copper with 20 keV neon ions, examined the variation in 
intensity of the \100) spot and two of the four (110) spots as a func­
tion of angle of beam incidence. These authors found a non-monotonic 
variation of the intensity with the angle of incidence of the ion beam, 
a result similar to that obtained in yield studies as discussed above. 
In fact, minima occurred when the ion beam was incident parallel to 
(114), {112) and near (ill) directions. Moreover on comparing the
intensities of two spots, the authors found that the ratio of 
intensities also followed a non-monotonic variation.
Anderson and Wehner [1961] also studied the sputtered atom 
ejection patterns from (110) copper, nickel and gold, while Koedam 
[1961] included (110) copper in his studies. Both authors obtained 
(1 10) type spots. In addition to the (110) spots Nelson and Thompson 
found faint streaks joining the (110) spots upon bombarding (110) 
silver and (110) gold single crystals with 10 keV argon ions incident 
at 20°, and (110) copper bombarded with 20 - 75 keV argon ions 
incident at the same angle. The streaks occurred where the (111) plane 
'intersected' the collector and were attributed to (111) planar 
channelling of copper recoils.
Ejection patterns from (111) surfaces were also studied by 
some of the above authors (Koedam [1961]; Anderson and Wehner [1961]; 
and Nelson and Thompson [1961, 1962, 1963]). All obtained (llO) type 
spots though differences occurred in the patterns obtained by different 
authors. Koedam [1961] also obtained (411) spots which disappeared at 
higher energies. Nelson and Thompson [1961, 1962, 1963] included the 
bombardment of (111) aluminium with 50 keV argon ions in their 
programme, and obtained (llO), (ill) and (100) type ejection.
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More numerous ejection directions were obtained by Dubinskii 
and Lebedev [1971]. These authors bombarded with 70 keV argon ions 
(110) and (100) single crystals of gold and an alloy gold and copper, 
and collected the ejection patterns on a semi-cylindrical collector. 
Spots were obtained from directed emission along the following direc­
tions: (no), (100), (211), (310), (ill), (312 >, (41 1 ), (210), (332),
and (52l), in addition to these spots, bands and traces corresponding 
to emission along the planes (ill) and (100) were observed.
In a body-centred cubic lattice the rows of closest packing 
are the (ill) directions, rather than (110) as in fee lattices. Con­
sequently spots from focused collisions of the Silsbee type would be 
expected in (ill) type directions. Nelson [1963] bombarded tungsten 
and molybdenum single crystals with 50 keV A+ and obtained (ill) as 
well as (lOO) and (ill) spots. The (ill) spots were interpreted in 
terms of hard sphere collision sequences as postulated by Silsbee.
These sequences are possible in (100) directions, but according to 
Nelson, assisted focusing also occurs on account of the rings of four 
atoms each centred on, and close to the (100) axis. Consequently both 
Silsbee focusing and assisted focusing should occur. Ejection of the 
type (ill) was attributed to assisted focusing by the diamond-shaped 
configurations of atoms around this axis. Nelson presented an 
analytic analysis of assisted focusing in these crystals, a brief 
account of which is presented in the section on theory.
Semiconductor crystals offer some interesting differences to 
metallic crystals. Apart from having directed covalent bonding 
between atoms, the semiconductor single crystal lattice is so open that 
for a while it was thought that focused sequences could not occur.
Among those who were unsuccessful in getting spot patterns from semi­
conductor single crystals were Hasiguti and his colleagues [1963], who
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bombarded v a r i o u s  p l a n e s  o f  s i n g l e  c r y s t a l  germanium w i t h  r a r e  gas  i o n s  
o f  e n e rg y  l e s s  t h a n  10 keV; and S o u t h e r n ,  W i l l i s  and Robinson  [1963] ,  
who a f t e r  bombarding germanium and s i l i c o n  w i t h  1 t o  3 keV a rgon  i o n s ,  
o b t a i n e d  c o n t i n u o u s  d e p o s i t s  w i t h  no s p o t s .  However, i t  i s  now w e l l  
e s t a b l i s h e d  t h a t  d i r e c t e d  e j e c t i o n  o c c u r s  f rom s e m ic o n d u c to r  c r y s t a l s  
( s e e  below) i f ,  d u r i n g  t h e  bombardment  t h e  t a r g e t  i s  m a i n t a i n e d  a t  
e l e v a t e d  t e m p e r a t u r e s .  Models invoked  t o  e x p l a i n  t h e  s p o t  p a t t e r n s  
o b t a i n e d  have i n c l u d e d  t h e  S i l s b e e  model (Yurasova  e t  a l .  [1966] )  t h e  
model o f  Lehmann and Sigmund ( A g ran o v ic h  e t  a l .  [1970];  MacDonald 
[1970a]) and t h e  a s s i s t e d  f o c u s i n g  model (MacDonald [1 9 7 0 b ] ) .  R e s u l t s  
o f  e x p e r i m e n t s  i n  which s p o t  p a t t e r n s  were o b t a i n e d  a r e  d e s c r i b e d  i n  
t h e  f o l l o w i n g  p a ra g r a p h .
I n  h i s  e a r l y  work Wehner [1956] o b t a i n e d ,  a t  low e ne rgy  bom­
b a rdm e n t ,  ( i l l )  t y p e  s p o t s  from germanium. Anderson [1962, 1966] ,  
r e p o r t e d  work on s p u t t e r i n g  o f  s i n g l e  c r y s t a l s  o f  g a l l i u m  a r s e n i d e ,  
ind ium  a r s e n i d e ,  germanium and s i l i c o n  w i t h  r a r e  gas i o n s  o f  ene rgy  
l e s s  t h a n  1 keV. From germanium and s i l i c o n  s i n g l e  c r y s t a l s  ( i l l )  and 
(lOO) t y p e  e j e c t i o n  was d e t e c t e d .  Anderson  [1962] advanced  t h e  s u g g e s ­
t i o n  t h a t  t h e  (lOO) e j e c t i o n  may be due t o  t h e  f a c t  t h a t  'many o f  t h e  
n a t u r a l  i n t e r s t i t i a l  p o s i t i o n s  a r e  f i l l e d  n e a r  t h e  s u r f a c e  as  a r e s u l t  
o f  t h e  bombardment  and t h a t  t h e  s t r u c t u r e  r e s e m b le s  more t h a t  o f  a bcc 
s t r u c t u r e ' .  From (110)  g a l l i u m  a r s e n i d e  and ind ium a r s e n i d e  ( i l l )  and 
( i l l )  s p o t s ,  which  were s l i g h t l y  d i f f e r e n t  i n  c o m p o s i t i o n  were o b t a i n e d .  
Using 100 - 800 eV r a r e  gas i o n s  Anderson  and Wehner [1964] i n v e s t i ­
g a t e d  (110)  s i n g l e  c r y s t a l s  o f  ind ium a n t i m o n i d e .  Two ( i l l )  s p o t s  were 
o b t a i n e d .  T h r e e  (110)  ' l i g h t '  s p o t s  were  o b s e r v e d  by S o u th e rn ,  W i l l i s  
and Rob inson [1963]  on bombard ing  (111)  indium a n t i m o n i d e  w i t h  1 - 5 
keV a rg o n  i o n s .  Yurasova and S i r o t e n k o  [1962] bombarded germanium and 
s i n g l e  c r y s t a l  b a l l s  w i t h  1 - 10 keV k r y p t o n  i o n s .  The r e s u l t  was ( i l l )
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and \ 110) s p o t s  from germanium b a l l s ,  and (110)  and ( i l l )  s p o t s  from 
ind ium  a n t i m o n i d e  b a l l s .  U n f o r t u n a t e l y  t h e s e  a u t h o r s  d i d  no t  s t a t e  t h e  
t e m p e r a t u r e  o f  t h e i r  t a r g e t .  I n  t h e  work o f  F a r r e n  and S c a i f e  [1968] 
g a l l i u m  a r s e n i d e  (1 1 1 ) ,  (110)  and (100)  s i n g l e  c r y s t a l s  bombarded w i t h  
8 - 1 6  keV a rg o n  ions  y i e l d e d  o n l y  ( i l l )  and (lOO) s p o t s .  MacDonald 
[1970a ,b ]  o b t a i n e d  ( i l l )  s p o t s  f rom (lOO) germanium, w h i l e  D u b i n s k i i  
and Lebedev [1971] r e p o r t e d  on a m u l t i p l i c i t y  o f  s p o t s  f rom (111)  
germanium and ind ium a n t i m o n i d e  s i n g l e  c r y s t a l s .  These  c r y s t a l s  were 
m a i n t a i n e d  a t  400 - 470 °K d u r i n g  bombardment  w i t h  70 keV a rg o n  i o n s  
which  were i n c i d e n t  a lo n g  (112)  o r  (110)  d i r e c t i o n s .  Spo ts  from 
germanium were  ( i l l ) ,  ( 2 2 0 ) ,  ( 3 1 1 ) ,  ( 4 0 0 ) ,  ( 3 3 1 ) ,  and ( 4 2 2 ) ,  w h i l e  
s p o t s  f rom indium a n t i m o n i d e  were ( i l l ) ,  ( 2 2 0 ) ,  ( 311 ) ,  ( 4 0 0 ) ,  (331 ) ,  
( 4 2 2 ) ,  ( 5 1 1 ) ,  ( 5 5 1 ) ,  ( 7 1 1 ) ,  <642),  and <553).
1 . 5  THEORETICAL TREATMENT OF SPUTTERING 
1 .5 .1  S p u t t e r i n g  Y ie ld  Models
T h e o r e t i c a l  models  advanced  f o r  t h e  p r e d i c t i o n  o f  s p u t t e r i n g  
y i e l d s  g e n e r a l l y  f a l l  i n t o  two c a t e g o r i e s .  Tha t  i s ,  models  which t a k e  
i n t o  a c c o u n t  t h e  o r d e r e d  n a t u r e  o f  t h e  c r y s t a l  l a t t i c e  and t h o s e  t h a t  
do n o t .  The fo rm er  c a t e g o r y  i n c l u d e s ,  o f  c o u r s e ,  models  s p e c i f i c a l l y  
c o n s t r u c t e d  fo r  p o l y c r y s t a l l i n e  c r y s t a l s  as  w e l l  a s  models  f o r  
amorphous s u b s t a n c e s .  I n  t h i s  r ev iew  emphas i s  w i l l  be p l a c e d  on 
t h e o r e t i c a l  t r e a t m e n t s  o f  s i n g l e  c r y s t a l  s p u t t e r i n g .
One o f  t h e  e a r l i e s t  e x p l a n a t i o n s  o f  s p u t t e r i n g  was put  f o r ­
ward by B le c h sm id t  and v.  H ip p e l  [1928] who c o n s i d e r e d  t h e  e f f e c t  as  
b e i n g  due t o  e v a p o r a t i o n  and h o t  s p o t s  l o c a l i z e d  a t  t h e  p o i n t  o f  i o n -  
im pac t .  Townes [1944] d e v e lo p e d  a m a t h e m a t i c a l  f o r m u l a t i o n  based  on 
t h i s  i d e a .  E x p e r im e n t a l  e v id e n c e  h a s ,  on t h e  whole ,  r e n d e r e d  t h i s  
model u n t e n a b l e .  Such e x p e r i m e n t a l  o b s e r v a t i o n s  as  t h e  ' u n - c o s i n e 1
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d i s t r i b u t i o n  o f  s p u t t e r e d  a toms,  t h e i r  r e l a t i v e l y  h i g h  e n e r g i e s  and t h e  
form o f  t h e  v a r i a t i o n  o f  y i e l d  w i t h  i o n  en e rg y  and a n g l e  o f  i n c i d e n c e  
would no t  be e x p e c t e d  under  a t h e r m a l  model o f  e j e c t i o n .  However, 
Thompson and Nelson  [1962] ,  Ne lson  [1965] have  a t t r i b u t e d  c e r t a i n  
a s p e c t s  o f  s p u t t e r i n g  t o  e v a p o r a t i o n  from t h e r m a l  s p i k e s ,  and Cowell  
and Smith [1972] a p p l i e d  Townes '  t h e o r y  t o  t h e i r  t i m e - o f - f l i g h t  d a t a .
Models based  on a to m ic  c o l l i s i o n  c o n c e p t s  were d e v e lo p e d  by 
Kingdom and Langmuir  [1923] ,  Keywell  [1955] ,  H a r r i s o n  [1956] ,  Goldman 
and Simon [1958] ,  Pease  [1959] ,  Rol  e t  a l .  [1960] ,  Bulgakov [1963] ,  
B rand t  and L a u b e r t  [1967] ,  Thompson [1968] ,  and Sigmund [1969] .  A l l  
were  d e v e lo p e d  f o r  p o l y c r y s t a l l i n e  s u b s t a n c e s ,  w h i l e  t h e  o t h e r s  such  as  
t h e  models  by Henschke [1957] ,  and by Langberg  [1958] a r e  a p p l i c a b l e  t o  
s p u t t e r i n g  n e a r  t h r e s h o l d .  The ' t h r e s h o l d '  models  w i l l  no t  be 
c o n s i d e r e d  h e r e .
A c c o rd in g  t o  Kingdom and Langmuir [1923] s p u t t e r i n g  o c c u r r e d  
as  a r e s u l t  o f  a momentum t r a n s f e r  mechanism, and hence  t h e  a n g u l a r  
d i s t r i b u t i o n  o f  s p u t t e r e d  p a r t i c l e s  must  depend on t h e  a n g l e  o f  io n  
i n c i d e n c e .  Keywell  [1955] and H a r r i s o n  [1956]  combined t h e  t h e o r y  o f  
n e u t r o n  c o o l i n g  w i t h  c o n c e p t s  o f  momentum t r a n s f e r  to  de ve lop  fo rm u la e  
f o r  s p u t t e r i n g  y i e l d s .  K e y w e l l ' s  model has  proved  s a t i s f a c t o r y  a t  
e n e r g i e s  below 5 keV, w h i l e  H a r r i s o n ' s  has  been  hampered by t h e  'many'  
p a r a m e t e r s  i n  i t .  Goldman and Simon [1958] ,  and Pease  [1959] used  
r a t h e r  s i m i l a r  a p p ro a c h e s  i n  c a l c u l a t i n g  y i e l d s .  The fo rmer  a u t h o r s  
assumed t h a t  t h e  e j e c t e d  p a r t i c l e s  o r i g i n a t e d  a t  d e p t h s  s m a l l  compared 
w i t h  t h e  r a n g e  o f  t h e  i n c i d e n t  i o n s .  T h e i r  t h e o r y  i s  a p p l i c a b l e  a t  
e n e r g i e s  above abou t  50 keV. P e a s e ,  however ,  c o n s i d e r e d  t h r e e  en e rg y  
reg im es  i n  which  d i f f e r e n t  p o t e n t i a l  f u n c t i o n s  were assumed a p p l i c a b l e  
i n  c a l c u l a t i n g  c o l l i s i o n  c r o s s  s e c t i o n s .
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While the above approaches appealed to bulk processes, such 
as evaporation, 'ion cooling', and diffusion (Goldman and Simon [1958]; 
Pease [1959]) in developing expressions for sputtering yield Rol et al. 
[1960] chose to apply atomic collision concepts. They suggested, as a 
fundamental assumption, that only the first collision of the ion with a 
target atom in the top layers determined the sputtering yield. The 
yield was given by the equation
S ~
M1 M2
A(E) cos<t> (M + M^) (1.5)
where A(E) is the mean free path for an ion of energy E, and <t> is the 
angle of ion incidence. The hard sphere radius used in calculating 
A(E) was obtained from a screened Coulomb potential. The constant K 
was later replaced by an analytical function by Almen and Bruce [1961a] 
who obtained the function by fitting the Rol et al. formula to yield 
data. Bulgakov [1963] also adopted the single collision assumption and 
an additional one to the effect that the primary displaced atom would 
be sputtered if it acquired energy larger than E^, the sublimation 
energy. The yield was then defined as the product of the probability 
of creation of the primary and the probability of that primary collid­
ing with atoms in the first layer. The Bulgakov formula which is valid
4
for and for E > 2E^ Z^Z^3, gives yields which are rather low.
Thompson [1968] used power potentials to solve equations for the flux 
of displaced atoms. His formula gives the yield as inversely propor­
tional to binding energy. The only analytical models which take into 
account energy losses were developed by Brandt and Lauhert [1967], and 
Sigmund [1969]. Both authors used expressions for collision cross- 
sections given by Lindhard and his colleagues [1963]. In the 'Unified 
Sputtering Theory' of Brandt and Laubert, ion energy loss is assumed to 
arise from momentum transfer to target atoms and from interaction with
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target electrons. The yield was given by the expression
W  = 712 sj ' k [♦<*> - he) (1’6)
where 7 is a geometrical factor, is the displacement energy, is 
the ion energy, x is a dimensionless variable and <t>(x) was calculated 
using a Thomas-Fermi potential, and A  accounts for the inelastic energy 
loss. The model gave good agreement with experimental data in the ion 
energy range of 100 eV to 200 keV. Sigmund [1969] considered sputter­
ing to result from cascades from atomic collisions under the assumption 
of random slowing down in an infinite medium. An expression for the 
sputtering yield of an amorphous target was developed by setting up, and 
solving a Boltzmann transport equation. The sputtering yield was given 
as
S(E,tj) = H(x=0, E,T)) (1.7)
where T) is the direction cosine. This formula applied for back sputter­
ing. An analogous equation with x=0 replaced by x=d applied for forward 
sputtering where sputtering was assumed to be through a plane at x=d.
The function H(x ,E,t]) is defined as
H(x, E, T)) 3 F(x,E,n) 4?t2 N Co Uo (1.8)
where F(x,E,q) gives the energy deposited in a layer (x,dx) by an ion 
of energy E, including the energy from recoils, N is the target atom 
density, Co a constant, and Uo the binding energy. Equation (1.8) is 
valid for , a similar equation defines H(x ,E,t]) for •
The Sigmund model gives good prediction of the experimental yields of 
polycrystalline materials.
Sputtering models applicable to single crystal work are many 
and varied, though on the whole they tend to have many features in 
common. These models can be grouped into transparency and channelling
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models. The meaning of the terms 'transparency' and 'opacity' become 
self-evident on visual examination of a single crystal lattice model. 
The basic assumption underlying all transparency models is that the 
sputtering yield is determined by the first collision of the ion in the 
top layers of the target. The yield is then assumed to be proportional 
to the energy deposited in these layers, and inversely proportional to 
the mean free path. Rol and his colleagues [1960] were the first to 
apply this phenomenological model in explaining their single crystal 
yield curves. They suggested that minima occurred whenever the ion 
beam was incident parallel to a direction where the probability of col­
lision in the surface layers was low; that is along a transparent 
direction. Maxima occurred for incidence parallel to an opaque direc­
tion. The target atoms were treated as hard spheres whose radius was 
energy dependent.
Southern, Willis and Robinson [1963], in their version of the 
model, gave the sputtering yield from ions of energy E, as
with
S(E,U)
T(E,U)
ar(E,U)
2T(E,U)
T (E) m
A(E,U) (1-9)
where T(E,U) is the average energy transferred to a target atom, U is
the unit vector specifying the direction of ion impact, and T (E) ism
given by
T (E) m
4M^  M2
(M1 + M2)2 E . ( 1- 10)
For ions impinging along an (hki) direction the authors considered an 
elementary crystal target formed by translations t^^, th'k' ’
th"k"i" (hki), (h'k'jj') and (h"k"jg") mutually perpendicular in a
cubic crystal. The mean free path A(E,U) of those ions colliding in
35
the elementary cell was obtainable from the fraction, P ^  , colliding 
in the element, and x ^  , the average distance of penetration from the 
surface prior to a collision. In addition, the mean free path Aq (E), 
of those particles that passed through the elementary cell without a 
collision was calculated using the Bohr [1948] screened Coulomb poten­
tial. The mean free path, A(E,U), was then calculated from the
quantities P, . . x,, and A (E). The function t (E,U) was given by thehki hki o ~
equation
t (E,U) = 2[1 - (b2/R2> U] (1.11)
where b is the impact parameter. When there is no overlapping of the
hard sphere projections on an (hkiO plane then t (E,U) = 1, since in
this case (b2/R2) = and if screening of target atoms is absent for
ions with mean free path A (E) theno
t (E,U) = 1 + Phkin - 2 <b2/R2) ] .
Finally, after substitutions the yield, S, was obtained
S
2(b2/R2 ))] E
Phk£ Xh M  + (1 Phkjg^  Ao(E)
(1.12)
(1.13)
A Monte Carlo technique was used to calculate the quantities P^^, Xhk^ 
and (b2/R2 ) from an elementary crystal of 1000 atoms or less 'bombarded' 
by thousands of ions. Least squares fit analysis was applied for cal­
culating a and Aq (E). Southern et al. obtained good agreement with 
experimental data. However, the parameter a was found to be propor-
tional to E , thus indicating a proportionality of yield to energy of
AE . This seemed to indicate that momentum, rather than energy, was the 
important variable in sputtering. This point was taken up by Magnuson
I
and Carlston [1963] who suggested that the S ~ E^ relationship 
expresses single crystal sputtering yields better than one were S ~ E,
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an d  t h e i r  y i e l d  f o r m u l a  was g i v e n  a s
S ( h M )  = K ( h k i )  P ( h k i )  ( 1 - 1 4 )
c
w h e r e  K ( h k i )  i s  a p r o p o r t i o n a l i t y  c o n s t a n t  f o r  t h e  p a r t i c u l a r  p l a n e  
b o m b a r d e d .  An e l e m e n t a r y  c r y s t a l  d e l i n e a t e d  by t h r e e  m u t u a l l y  p e r p e n ­
d i c u l a r  d i r e c t i o n s  ( - h , - k , - ^ ) ,  ( - k , h , 0 ) ,  and ( - ^ h , - ^ k , h 2 + k2 ) ( w h e re  
h >  k >  i )  was c o n s i d e r e d .  The y i e l d  was a ssum ed  t o  be  p r o p o r t i o n a l  t o  
t h e  p r o d u c t  o f  t h e  t o t a l  momentum t r a n s f e r r e d  t o  a  l a t t i c e  a tom i n  t h e  
f i r s t  c o l l i s i o n  and t h e  p r o b a b i l i t y  o f  t h i s  c o l l i s i o n  i n  t h e  e l e m e n t a r y  
c e l l .  The p r o b a b i l i t y ,  P , was d e f i n e d  by t h e  e q u a t i o n
A o
Pc ( h U )  = At 0 - 15)
w h e r e  Ac i s  t h e  t o t a l  p r o j e c t e d  a r e a  o f  t h e  l a t t i c e  a t om s  and At i s  t h e  
t o t a l  s u r f a c e  a r e a .  A g a in  h a r d  s p h e r e  c o l l i s i o n s  w e r e  a s su m ed ,  and t h e  
h a r d  s p h e r e  r a d i u s  c a l c u l a t e d  f rom a m o d i f i e d  s c r e e n e d  Coulomb p o t e n ­
t i a l .  On s u i t a b l y  a d j u s t i n g  t h e  c o n s t a n t s  r e a s o n a b l e  a g r e e m e n t  was 
o b t a i n e d  w i t h  t h e  d a t a  o f  F l u i t  e t  a l .  [ 1 9 6 3 ] .
The model  o f  S o u t h e r n  e t  a l .  [1963]  c o u l d  be  i m p ro v ed  upon  by 
t h e  i n c l u s i o n  o f  a momentum c o n d u c t a n c e  f a c t o r ,  P ( U ) , w h i c h  w ould  
a c c o u n t  f o r  t h e  e f f e c t  o f  f o c u s e d  c o l l i s i o n  s e q u e n c e s  on t h e  s p u t t e r i n g  
y i e l d .  T h i s  was t h e  v iew  t a k e n  by Smi th  [ 1 9 6 4 ] .  He d e f i n e d  P(U) by 
t h e  e q u a t i o n
P(U) A(E,U)  Z ( 1 - 1 6 )
w h e r e  | v  | i s  t h e  v e c t o r  d i s t a n c e  ( a l o n g  (1 1 0 )  f o r  f e e  c r y s t a l s )  f rom 
t h e  c o l l i s i o n  p o i n t  t o  t h e  s u r f a c e  b e i n g  c o n s i d e r e d .  Sm i th  showed how 
P(U) c a n  be  c a l c u l a t e d ,  and t h e  v a l u e  o b t a i n e d  i s  t h e n  m u l t i p l i e d  by 
t h e  y i e l d  f rom t h e  S o u t h e r n  e t  a l .  f o r m u l a  t o  g i v e  t h e  c o r r e c t e d  y i e l d .  
T h i s  m o d i f i c a t i o n  im p r o v ed  on t h e  a c c u r a c y  o f  t h e  y i e l d s  o b t a i n e d  f rom
t h e  e q u a t i o n  o f  S o u t h e r n  e t  a l .
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Good predictions of the variation of yield with angle of ion 
incidence as the crystal is rotated are provided by the model advanced 
by Odintsov [1963]. The assumptions in this model are as follows:
(i) the sputtering yield is proportional to the energy deposited in 
the first collision (cf. Rol et al. [I960]; Southern et al.
[1 963];
(ii) the probability of a dislodged atom reaching the surface and
being ejected depends on its position relative to the surface;
(iii) the efficiency of sputtering increases with increase of the 
angle between the direction of ion beam incidence and target 
normal since as the latter approaches larger values the par­
ticles involved are more likely to acquire appreciable 
velocities normal to the surface; and
(iv) the probability of collision was defined as the ratio of the 
visible area of the target spheres to the total bombarded 
surface area. The equation for S was given as
S (e)
s ■ z ai(*> Ei(e)i o
(1.17)
where S.(0) is the visible area in the i plane, E. is thel l
mean energy transferred to atoms in the i*”'1 plane, and c u ( 0 )  is 
the proportionality coefficient which depends on the coordinates 
of the struck atom and the angle of ion incidence. The 
relationship between cu and 0 is a l/cos0 one. For the case of
incomplete screening the energy transferred to an atom in the
.th , . . ,1 layer is given by
E.S. 1 1
7T5‘ &R M
2 l 1 2R2
■ 2 \A
4 R 2 + (R2 - S2) sin -( ^
(1.18)
4M M2 
(M] + M2)2with E
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w h e r e  5 i s  t h e  p r o j e c t i o n  o f  t h e  d i s t a n c e  b e t w e e n  t h e  shadowed 
and s h ad o w in g  a tom o n t o  a p l a n e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  
o f  i n c i d e n c e  o f  t h e  i o n s ,  an d  R i s  t h e  h a r d  s p h e r e  r a d i u s  e q u a l  
t o  t h e  sum o f  t h e  h a r d  s p h e r e  r a d i i  o f  t h e  i o n  and t a r g e t  a tom.  
I f  t h e  c r y s t a l  i s  r o t a t e d  i n  su ch  a way t h a t  a toms i n  t h e  odd-  
nu mbered  p l a n e s  do n o t  o v e r l a p  t h e i r  c o r r e s p o n d i n g  n e i g h b o u r s  
i n  t h e  e v e n - n u m b e r e d  p l a n e s  t h e n  t h e  c o e f f i c i e n t s  f o r  p l a n e s  
1 , 2 , 3 ,  . . . ,  2 j - 1 , 2 j  w i l l  be  e q u a l ,  i . e .  =  a  • • •  and
t h e  e q u a t i o n  f o r  t h e  s p u t t e r i n g  y i e l d  i s  t h e n
A cos4> o a l , 2  TR T + a 3 , 4  S3E3 + a 5 , 6 V S  + " •
. 0 - 1 9 )
The t e r m s  mak ing up t h i s  e x p r e s s i o n  a r i s e  a s  f o l l o w s :
( i )  f o r  p l a n e s  p a r a l l e l  t o  t h e  s u r f a c e  0 = 4>
( i i )  t h e  s u r f a c e  i s  c o m p l e t e l y  v i s i b l e  and t h e  p r o b a b i l i t y  o f
a c o l l i s i o n  i s  ( 2 ttR2 a ,  0 ) / A  cos<t>. O d i n t s o v  [1 963]  h ad  t o1 , 2  o
as s u m e  a r a t h e r  l a r g e  h a r d  s p h e r e  r a d i u s  t o  g e t  good p r e d i c t i o n s  
o f  y i e l d s .  M ar ty n e n k o  [1 9 65a ]  im p ro v ed  t h i s  model  by c a l c u l a t ­
i n g  n o t  o n l y  t h e  c o n t r i b u t i o n  t o  y i e l d  made by ea c h  l a y e r ,  b u t  
a l s o  i n c l u d e d  f o c u s e d  c o l l i s i o n  s e q u e n c e s .  He showed t h a t  t h e  
a s s u m p t i o n  o f  a l a r g e  h a r d  s p h e r e  r a d i u s  made by O d i n t s o v  was 
u n n e c e s s a r y  as  t h i s  r a d i u s  c o u l d  be  d e m o n s t r a t e d  a n a l y t i c a l l y  
t o  i n c r e a s e  a s  a r e s u l t  o f  t h e  s c r e e n i n g  o f  t h e  l o w e r  l y i n g  
a to m s  by t h e  u p p e r  o n e s .  M a r t y n e n k o ' s  p r o c e d u r e  was a s  f o l l o w s .  
The mean e n e r g y  e ,  d e p o s i t e d  i n  an  a t o m i c  p l a n e  was c a l c u l a t e d  
u s i n g  t h e  p o t e n t i a l
V ( r ) zi V 2
. § .  2 2
(Z 3 + Z2 3)3
4 .7  X 10 - 19
( 1 . 2 0 )
w h e r e  X i s  t h e  T h o m as -F e r m i  s c r e e n i n g  f u n c t i o n .  Then
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e F ( r . , ö . )  
o  1 1
( 1 . 2 1 )
w h e r e
2 . 3 7 9  X 10 16 Z Z 1 2
P 2 ( Z 3 + Z 3
O V 1 2
£ £
and P i s  t h e  maximum i m p a c t  p a r a m e t e r ,  r .  i s  t h e  r a d i u s  o f  t h e  
o 1
t  h
shadow ( i n  t h e  i  l a y e r )  o f  t h e  s c r e e n i n g  a tom and i s  
d e f i n e d  by O d i n s t o v .  The f u n c t i o n  F ( r ^ , 5 ^ )  g i v e s  t h e  p r o b a b i l ­
i t y  o f  e n e r g y  b e i n g  t r a n s f e r r e d  by an  i m p i n g i n g  i o n  t o  an  a tom 
i n  t h e  s c r e e n e d  l a y e r .  The e q u a t i o n  f o r  s p u t t e r i n g  y i e l d  was 
t h e n  g i v e n  a s
: ~ “  Z a .  F ( r . , 5 . )cos\|r c o s 0  l  l i ( 1 . 2 2 )
w h e r e  s u m m at io n  i s  o v e r  t h e  a t o m i c  p l a n e s  c o n s i d e r e d ,  and \|r and 
0 a r e  r e s p e c t i v e l y  t h e  a n g l e  o f  i o n  i n c i d e n c e  and t h e  a n g l e  
b e t w e e n  t h e  i n w a r d  n o rm a l  t o  t h e  s u r f a c e  and t h e  t a r g e t  
v e l o c i t y ,  a_ i s  t h e  number  o f  ( 1 1 0 )  f o c u s e d  s e q u e n c e s  o r i g i n a t ­
i n g  i n  t h e  i ^  l a y e r .  The e x p r e s s i o n  f o r  cu was o b t a i n e d  f rom 
L i e b f r i e d  [ 1 9 5 9 ] .  M ar ty n e n k o  r e p o r t e d  good a g r e e m e n t  w i t h  t h e  
e x p e r i m e n t a l  r e s u l t s  o f  Molch an ov  [1963]  and Mashkova [1964]  
an d  t h e i r  c o l l e a g u e s .  M a r ty n e n k o  [1965b]  e x t e n d e d  h i s  model  t o  
t h e  r a n g e  o f  i o n  e n e r g i e s  w h e r e  Coulomb i n t e r a c t i o n  a p p l i e s .
F o c u s e d  c o l l i s i o n  s e q u e n c e s  w e r e  a l s o  i n c l u d e d  i n  t h e  model s  
o f  Thompson [1962]  and Lehmann [ 1 9 6 5 ] .  Thompson made t h e  a s s u m p t i o n s  
t h a t  t h e  r a n g e  o f  t h e  i n c i d e n t  i o n  i s  much l a r g e r  t h a n  t h e  r a n g e  o f  t h e  
f o c u s e d  s e q u e n c e s  i n  a p a r t i c l a r  d i r e c t i o n ,  and that .
Z1 < ( Z 2 ) / 5  .
T h e s e  a s s u m p t i o n s  r e s t r i c t e d  h i s  t h e o r y  t o  t h e  h a r d  s p h e r e  c o l l i s i o n s  
r e g i o n ,  and o n l y  t o  l i g h t  i o n s .  H is  e x p r e s s i o n  f o r  t h e  s p u t t e r i n g
y i e l d  i s
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S ~
3TTa2 N T E ___ m a
4e
.1 1 0
O’10 E1/ 0
.110
1 + (1.23)
valid for E < E
2 2 i
[2Er Z]Z2(Z13 + Z23)5 (M1 + M2)]/M1
expressions N is the target atom density,
In these
2 2 ^
(Z 3 + Z 3)
(a. 0. 53 A) (1.23a)
4M M2
(M + M2)2 ’
.110 is the interatomic distance in the (110) direction, E =13.6 eV,
and R^J ^  is the range of (llO) collision sequences. An analogous
expression was obtained for the range E > E where E is given byb
4 E 2 Z 2Z 2 ( Z 3 + Z 3 r 1 2 V 1 2 / M2 Ed ’ (1.24)
and E, is the displacement energy. For E »  E the above expression d f
shows that S is nearly independent of ion energy, a result which is 
supported and contradicted by experimental yields obtained by bombard­
ment with light ions. Lehmann's model incorporated the ideas of trans­
parency, channelling and hard sphere lattice atoms. The probability of 
collision 7 between the incident ion and the target atom is defined 
as the ratio of the screened to the total area of the hard spheres 
projected onto an (hkü) plane. This probability is defined for the 
first translational unit d ^ ^  of the lattice. The transparency is then
given by 1 - 7. . . Lehmann assumed than an ion that did not collidehkü
within d. , „ was channelled. After the first collision the ion behaves 
h k £
as if it were in a random lattice. The channelled ions did not 
contribute to sputtering. The mean free path L(T), given by
L(T) = (nir R2(T))_1 (1.25)
where T is the energy transferred in the collision and A is the atomic
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d e n s i t y  o f  t h e  t a r g e t ,  L(T)  was ass umed  t o  be  much l a r g e r  t h a n  d ^ ^  
a f t e r  t h e  f i r s t  c o l l i s i o n .  From t h e s e  i d e a s  Lehmann d e v e l o p e d  e x p r e s ­
s i o n s  f o r  t h e  p a r t i a l  s p u t t e r i n g  y i e l d s  g i v e n  below
( W i  “ W E) j  } S, (T) S(T>E) dT
m
( 1 . 2 6 a )
w h e r e  ( S ^ ^ )  i s  t h e  p a r t i a l  s p u t t e r i n g  y i e l d  due  t o  i o n s  and 
g i v e n  by
7  ( E )  f E S2 ( t 1 )  s ( E  ‘ T ’ ’ E) dTl
W E) J 0 2 ( 1 . 2 6 b )
i s  t h e  p a r t i a l  s p u t t e r i n g  y i e l d  due  t o  p r i m a r y  r e c o i l s .  I n  t h e s e  
e x p r e s s i o n s  T^ = E-T;  S, ( T ) ,  S ^ ( T ^ ) g i v e  t h e  number o f  a to m s  s p u t ­
t e r e d  a s  a r e s u l t  o f  e n e r g y  d e p o s i t e d  by a b o m b a r d i n g  i o n  an d  a  p r i m a r y  
d i s p l a c e d  a tom r e s p e c t i v e l y ,  g ( T , E )  and g ( E - T ^ , E )  a r e  t h e  d i s t r i b u t i o n  
f u n c t i o n s  o f  e n e r g y  r e t a i n e d  a f t e r  t h e  f i r s t  c o l l i s i o n  o f  t h e  i o n  and 
t h e  p r i m a r y  r e c o i l  r e s p e c t i v e l y  and T = (4M M^M + M^)2 . The t o t a l  
s p u t t e r i n g  y i e l d  was t h e n  o b t a i n e d  a s  t h e  sum o f  t h e s e  p a r t i a l  y i e l d s .  
Lehmann s o l v e d  t h e  r e s u l t i n g  i n t e g r a l  e q u a t i o n  a f t e r  s u b s t i t u t i n g  some 
o f  t h e  f u n c t i o n s  w i t h  a n a l y t i c a l  e x p r e s s i o n s .  He o b t a i n e d  good q u a l i ­
t a t i v e  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  Magnuson and C a r l s t o n  [1963]  who 
bom bard ed  c o p p e r  s i n g l e  c r y s t a l s  w i t h  a r g o n  i o n s .
The model  d e v e l o p e d  by O n d e r d e l i n d e n  [1966 ,  1967 ,  1 968]  i s  o f  
p r i m e  i n t e r e s t  i n  t h i s  work  b e c a u s e  t h e  r e l a t i v e  y i e l d  r e s u l t s  w i l l  be 
t r e a t e d  i n  c h a p t e r  5 m a i n l y  on t h e  b a s i s  o f  t h i s  m o d e l .  O n d e r d e l i n d e n  
d i s c a r d e d  t h e  s i n g l e  c o l l i s i o n  a s s u m p t i o n  and c a l c u l a t e d  t h e  y i e l d  a s  a 
f u n c t i o n  o f  t h e  a n g l e  o f  i o n  i n c i d e n c e  and  e n e r g y  on t h e  b a s i s  o f  t h e  
t h e o r y  o f  L i n d h a r d  [ 1 9 6 5 ] .  The f u n d a m e n t a l  i d e a  o f  t h e  L i n d h a r d  work 
i s  t o  r e g a r d  a c l o s e - p a c k e d  row o f  a toms  a s  a s t r i n g ,  t h e  t r a n s v e r s e  
c o n t i n u u m  p o t e n t i a l  o f  w h i c h  i s  g i v e n  by ( O n d e r d e l i n d e n  [ 1 9 6 8 ] ) ,
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U(R) = ( 3 Z Z 2 a 2 ) /  ( 4 tt e dR2 ) f o r  R »  a
w i t h  a a s  t h e  T hom as -F e rm i  s c r e e n i n g  d i s t a n c e  R and d a s  t h e  d i s t a n c e
t o  t h e  s t r i n g  c e n t r e  and t h e  i n t e r a t o m i c  d i s t a n c e  r e s p e c t i v e l y .  The
c o r r e s p o n d i n g  i o n - a t o m  i n t e r a c t i o n  p o t e n t i a l  i s  t h e n  o f  t h e  form 
-3
V ( r )  ~  r  . For  an  i o n  t o  p e n e t r a t e  t h e  s t r i n g  p o t e n t i a l  i t s  as ym p­
t o t i c  a n g l e  o f  a p p r o a c h  mus t  be  l a r g e r  t h a n  \|r , t h e  c r i t i c a l  a n g l e  
g i v e n  by
1 o 1
\|r = ( 3 a 2 e 2 Z.1Z2 ) 4/(4TT € q Ed ) 4 ( 1 . 2 8 )
f o r  i o n  e n e r g i e s  E < E' w h e r e  E'  i s  g i v e n  by t h e  e q u a t i o n
E' = (2Z^Z 2 e2 d ) / ( 4tt a 2 ) .  P a r t i c l e s  a p p r o a c h i n g  t h e  s t r i n g  a t  a n g l e s
\J/ <  ^ c a r e  p r e v e n t e d  by t h e  p o t e n t i a l  f rom  g e t t i n g  any c l o s e r  t h a n  ~ a
t o  a s t r i n g  a tom .  When a w e l l - c o l l i m a t e d  beam o f  i o n s  i s  i n c i d e n t
p a r a l l e l  t o  a low i n d e x  c r y s t a l  d i r e c t i o n  t h e  beam i s  d i v i d e d  i n s i d e
t h e  c r y s t a l  i n t o  a f r a c t i o n  com posed  o f  i o n s  t h a t  h a v e  b e e n  d e f l e c t e d
by t h e  s t r i n g  a t  a n g l e s  l a r g e r  t h a n  , and a f r a c t i o n  t h a t  i s  s t e e r e d
c
by t h e  s t r i n g s  t o  a g r e a t  d e p t h .  The f o r m e r  t h e n  becomes t h e  random
beam and t h e  l a t t e r  t h e  c h a n n e l l e d  beam.  The random f r a c t i o n  i s  g i v e n
3
by 77\|/22 Nd f o r  an  i o n  beam i n c i d e n t  a t  an  a n g l e  w h e r e  C i s  a
c o n s t a n t  (1 <  C <  Z) and N i s  t h e  a t o m i c  d e n s i t y  o f  t h e  c r y s t a l .  
O n d e r d e l i n d e n  p o s t u l a t e d  t h a t  t h e  c h a n n e l l e d  f r a c t i o n  d o e s  n o t  c o n t r i ­
b u t e  t o  s p u t t e r i n g  and t h a t  t h e  r andom  f r a c t i o n  g i v e s  r i s e  t o  a s p u t ­
t e r i n g  y i e l d  p r o p o r t i o n a l  t o  t h e  e n e r g y  d e p o s i t e d  i n  a  l a y e r  o f  t h i c k ­
n e s s ,  x . V a r i a t i o n s  i n  t h e  s p u t t e r i n g  y i e l d  w i t h  t h e  a n g l e  o f  i o n  
o
beam i n c i d e n c e  t h e n  c o r r e s p o n d e d  w i t h  v a r i a t i o n s  i n  t h e  f r a c t i o n  o f  t h e  
random beam.  When t h e  i o n  beam d i r e c t i o n  i s  a n  a n g l e  \|r w i t h  t h e  s t r i n g  
t h e  n o n - c h a n n e l l e d  f r a c t i o n  i s  g i v e n  by
P
nc
P 2 
o
p -2
min ( 0 ) +  1
_ p 2 p - 2  ( 0 )
o m m \|r2 C-2  \Jr
-1
( 1 . 2 9 )
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v a l i d  f o r  ir <  C\l/^, P i s  t h e  i m p a c t  p a r a m e t e r  w i t h  P . ( 0 )  = \l/„d and 
2 min 2
P = (7T Nd) 
o
- 4 O n d e r d e l i n d e n  t h e n  c a l c u l a t e d  F ( E , x  ) t h e  e n e r g y
12 o
d e p o s i t e d  by i o n s  i n c i d e n t  n o r m a l l y  and by r e c o i l  a toms  i n  a l a y e r  o f
t h i c k n e s s  x . F ( E , x  ) was o b t a i n e d  by a s s u m i n g  t h a t  t h e  a n g u l a r  
o 12 o
d e v i a t i o n  o f  t h e  i o n s  i n  t r a v e r s i n g  x^  i s  n e g l i g i b l e ,  and t h a t
E ( x ) ( E ( x ) ) n f o r  4  <  n <  1, and by u s i n g  c r o s s  s e c t i o n s  d e r i v e d  f rom
t h e  power p o t e n t i a l .  The e x p r e s s i o n  f o r  F.j 2 (E>x 0 ) was ®^v en  a s
F12(E ’Xo> e -M exp
2  \  /  2 \  4 / 7
NB, 2 XoE' 3 X NB2 2 C?2XoE' 3; ( 1 . 3 0 a )
w i t h  and g i v e n  by
\ 5
(4M1M2 ) / ( M  + M2 ) 2 .
( 1 . 3 0 b )  
( 1 . 3 0 c )
The e n e r g y  d i s s i p a t i o n  i s  g i v e n  by t h e  sum o f  F ^ 2 ( E , xq ) m u l t i p l i e d  by 
t h e  random beam f r a c t i o n  and a c o r r e c t i o n  f o r  e n e r g y  d i s s i p a t e d  i n  t h e  
f i r s t  c o l l i s i o n .  I o n s  o f  e n e r g y  E i n c i d e n t  on t h e  t a r g e t  a t  an  a n g l e  
^  t h e n  g i v e s  a y i e l d  o f  m a g n i t u d e
E ,x
s h k i ( E > ^ h M
G ( E , x  / c o s h )  + P F 
12 o nc  12 \  cosb ( 1 . 3 1 )
w h e r e  a  i s  a c o n s t a n t  and G g i v e s  t h e  e n e r g y  l o s t  i n  t h e  f i r s t  
hkH 12
c o l l i s i o n .  O n d e r d e l i n d e n  n o t i c e d  h o w e v e r ,  t h a t  when t h e  a n g l e  o f  
i n c i d e n c e  i s  c l o s e  t o  C t h e  y i e l d  was o v e r e s t i m a t e d ,  and t h a t  t h e  
s h a p e  o f  t h e  minimum i n  t h e  y i e l d  c u r v e s  was i n d e p e n d e n t  o f  t h e  r o t a ­
t i o n  a x i s .  T h e s e  e f f e c t s  w e r e  c o n s i d e r e d  t o  o c c u r  on a c c o u n t  o f  t h e  
f o l l o w i n g :
( i )  n e i g h b o u r i n g  s t r i n g s  w e r e  i g n o r e d  i n  t h e  c a l c u l a t i o n s ,
( i i )  p l a n a r  c h a n n e l l i n g  was a ssum ed  a b s e n t ,
( i i i )  a c i r c u l a r  f r e e  s u r f a c e  p e r  s t r i n g  was a s su m ed .
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The model was subsequently modified to correct for these defects 
(Francken and Onderdelinden [1970]). Briefly, the modifications were 
as follows. Consider an ion beam, energy E, incident at i]/ to a string 
i, which is part of a series of strings ...i-1, i, i+1 , ..., j-1, j, 
j+1, ... and h-1, h, h+1, ... defining planes P, Q, 0 respectively.
This string arrangement is shown in Fig. 1.9a. The minimum impact 
parameter was extracted from the energy equation as
Pm i n ^ ,(^  = cos2(^  2 (1-32)
where <t> is the rotation angle. This expression is an equation for an 
ellipse (Fig. 1.9b) round the string with major and minor axes given by
a - rmln(0) [1 - (>lr/<|r2 )2 f 1 (1.33a)
b = P . (0) = \|r d . (1.33b)min 2
The non-channelled fraction of the beam is then onbtained as
(1.34a)
valid for a < d^/2. When a > dg/2 overlap of neighbouring ellipses
occurs and P is then given by nc
NdP . (0) m m ty/
Pnc 2NdTrab (1.34b)
and for \]r = \Jr , Pnc
2b
d ' 
P
Considerations of planar channelling led to the development of a
similar expression for the non-planar channelled fraction of the beam.
These modifications provided better agreement with experimental data.
Onderdelinden [1968] obtained different values of x for differento
o
target surfaces, e.g. x = 47 A for (111) and (100) copper planes ando
x = 53 X for (110) copper. These differences were attributed to o
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Fig.
X
1.9a: Atomic rows in a (100) transverse plane of an fee lattice
(after Onderdelinden [1970]).
Fig. 1.9b: Schematic representation of the transverse motion of an ion
and ellipse of critical impact parameters (after Onderdelinden [1970]).
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d i f f e r e n c e s  i n  t h e  e f f i c i e n c y  o f  momentum p r o p a g a t i o n  t o  t h e  s u r f a c e  
a lo n g  t h e s e  d i r e c t i o n s .  D i f f e r e n c e s  i n  x^ v a l u e s  f o r  v a r i o u s  t a r g e t  
m a t e r i a l s  were t h e n  e x p l a i n e d  as  r e f l e c t i n g  t h e  m ag n i tu d e s  o f  t h e  
f o c u s i n g  c h a i n  l e n g t h s  i n  t h e s e  s u b s t a n c e s .
O n d e r d e l i n d e n ' s t h e o r y  i m p l i e s  t h a t  t h e  y i e l d - a n g l e  o f  
i n c i d e n c e  c u r v e s  w i l l  now show minima i n  c e r t a i n  (hkü)  d i r e c t i o n s  i f  
t h e  i o n  ene rgy  i s  below t h e  c r i t i c a l  ene rgy  f o r  c h a n n e l l i n g  a lo n g  t h a t  
p a r t i c u l a r  c r y s t a l  d i r e c t i o n .  An example o f  t h i s  i s  t h e  (411)  minima 
i n  t h e  y i e l d - a n g l e  o f  i o n  i n c i d e n c e  c u r v e s  shown i n  F i g .  1 .6  above .
T h i s  minima a p p e a r e d  above 10 keV which  i s  t h e  c r i t i c a l  ene rgy  f o r  
f o c u s i n g  i n  t h e  (411)  d i r e c t i o n .  The t r a n s p a r e n c y  t h e o r y ,  however ,  has  
a p o s s i b l e  e x p l a n a t i o n  f o r  t h i s ,  w h ich  i s  t h a t  t h e  i n c r e a s e  w i t h  e ne rgy  
d e c r e a s e  o f  t h e  h a rd  s p h e r e  r a d i u s  l e a d s  t o  a l a r g e r  e f f e c t i v e  c r o s s -  
s e c t i o n  f o r  c o l l i s i o n s  and t h u s  d e c r e a s e s  t h e  t r a n s p a r e n c y .  U n l ik e  
O n d e r d e l i n d e n ' s model t h e  t r a n s p a r e n c y  t h e o r y  does no t  have  i n c o r ­
p o r a t e d  w i t h i n  i t s  s t r u c t u r e  a means o f  c a l c u l a t i n g  t h e  i m p o r t a n t  
a n g u l a r  w i d t h s  o f  t h e  minima.  E x p e r i m e n t a l l y  i t  i s  o b s e rv e d  t h a t  v e ry  
s m a l l  d i s p l a c e m e n t s  on e i t h e r  s i d e  o f  t h e  minima l e a d  t o  maximum y i e l d  
v a l u e s .  Moreover ,  t h e  a p p l i c a b i l i t y  o f  t h e  t r a n s p a r e n c y  model a t  v e ry  
h i g h  e n e r g i e s  i s  a l s o  c a l l e d  i n  q u e s t i o n ,  s i n c e  t h e  atoms a r e  t h e n  
l a r g e l y  t r a n s p a r e n t .  Snouse and Haughney [1966] have shown t h a t ,  c o n ­
t r a r y  t o  e x p e c t a t i o n s ,  i f  t h e  t r a n s p a r e n c y  model was v a l i d ,  t h e  r a t i o s  
o f  t h e  y i e l d s  c o r r e s p o n d i n g  t o  d i f f e r e n t  c r y s t a l  d i r e c t i o n s  do no t  
r em a in  c o n s t a n t  a s  do t h e  t r a n s p a r e n c y  r a t i o s  when t h e  e ne rgy  v a r i e s .
For t h e  y i e l d  r a t i o s  ^ . j ^ / S  ^ and ^- |^- | / s -|00 we^  Pr o n o u n c e d maxima
a p p e a r  be tw een  3 and 30 keV. These  a u t h o r s  s u g g e s t  t h a t  t h e  i n c l i n a ­
t i o n  o f  t h e  f o c u s i n g  d i r e c t i o n s  t o  t h e  s u r f a c e  p l a y s  a r o l e  i n  d e t e r m i n ­
i n g  t h e  y i e l d .  A c c o rd in g  t o  Lehmann [1965] t h e  ha rd  s p h e r e  a p p ro x im a ­
t i o n  o v e r e s t i m a t e s  t h e  t r a n s p a r e n c y  o f  t h e  l a t t i c e ,  s i n c e  an i o n  t h a t
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narrowly misses a collision in the top layers can still contribute to 
the sputtering yield. All the models discussed above neglect thermal 
motion of the atoms which would alter not only the transparency and the 
probability of channelling (Lehmann et al. [1963]) but would affect 
focused collisions (Sanders [1964]; Nelson et al. [1962]). Defects 
produced by the bombardment will also be as important as injected 
material in determining the sputtering yield. The target captures a 
considerable fraction of the bombarding particles (Colligon [1961]; 
Almen and Bruce [1961a]). The transparency model, however, has found 
support in the controversial (Robinson [1969]) computer simulation work 
of Harrison et al. [1968] (discussed below). The results obtained by 
these authors show sputtering to be a purely surface phenomena, the 
contribution from deeper layers (including focusons) being negligible.
1.5.2 Collision Sequences
Whereas the theoretical models presented above are mainly 
concerned with prediction the integrated quantities of material sput­
tered from a particular crystal surface or into a given direction, the 
models to be reviewed here deal more with propagation of energy or 
momentum from one locality in the crystal to another, such as the sur­
face. The thick patches of material found in ejection patterns 
(section 1.4) has provided the impetus for the development of the lat­
ter models. The variation of directed ejection rates with crystal 
direction and that of the yield with angle of ion incidence are both 
effects arising from the monocrystal lattice structure. According to 
Silsbee [1957] a crystal lattice can be regarded as an assemblage of 
atomic rows held together by cohesive forces. Energy and momenta may 
be focused along the rows if certain conditions are fulfilled. Suppose 
an atom along one of these rows receives an impulse due to a collision.
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If the struck atom moves off at an angle 0 to the line of centres, andn
if 0 is small and the next atom in the row is not too far away, the n
former will collide with the latter causing it to move off at an angle
0 „ to the same line of centres. If the atoms are regarded as hardn+1
spheres with an energy dependent radius R, then the condition for 
momentum of energy to be propagated along this row is
1 < f = 0 (1.35)n
where f is the focusing parameter and D is the interatomic spacing. R 
can be obtained from a Born-Mayer potential V(v) = A exp(- r/B) as 
R = (B/2) log[2A/E] where E is the kinetic energy of the atom. Momen­
tum focusing is not possible if E is too large because then R is too 
small. The limiting value of E above which focusing is generally not 
possible is
,hki 2A exp
,hki
(1.36)
hkiE^ is the focusing energy along the row hkj5. Example values of E^
are E1 1 0 67 eV, 300 eV for copper and gold respectively. The con­
ditions for focusing indicate that collision sequences are more likely 
to propagate along rows for which is least, such as (ill) in bcc,
and (llO) in fee crystals. This is confirmed by experiment. Focused 
sequences of collisions provide an efficient energy transport system 
from a random collision cascade. The energy can be transported 
relatively long distances to result in physical phenomena (e.g. 
ejection) occurring elsewhere in or from the crystal surface.
However, focused energy packets as discussed above cannot 
explain the transport of mass in focused sequences as this requires the 
condition 4R < D*1^ ' which conflicts with the 4R > requirement for
focusing. It turns out that the defect lies in the potential used. In
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real collisions the projectile atom is gradually deflected by the field 
of repulsive force of the 'target' atom. Hence collisions are 'soft'.
In addition, with a realistic potential, atoms ahead of a sequence 
begin to move in anticipation of its arrival. Analysis of such col­
lisions brings out the result that focused sequences can transport mass 
as well as energy. Figure 1.10 represents diagrammatically such a 
sequence. If T is the time taken for x to change from D/R to R and 
back to D/2 again then the integral equation for T is 2 / (dx/x). This 
integral is then solved using a soft potential of the Born-Mayer type 
(Thompson [1963]) and the condition for replacement sequences comes out 
as T(E/2M)2 > (D/2) or E > where E^ is the replacement energy
along the direction (hki). Replacement sequences can cause disordering 
in alloys, as discussed by Liebfried [1959], and in compounds in which 
they can propagate. Liebfried also points out that vacancy-interstitial 
pairs may occur at the beginning and end of the sequence. An important 
step stemmed from the computer simulation work of Vineyard and his
r
l*"£J it
v- -  -yfiiEin) -Jißlzn)
Fig. 1.10: Diagrammatic representation of a simple focused replacement
sequence (after Thompson [1969]).
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coworkers [I960]. These authors studied the propagation of energy from 
a recoil atom in an fee crystal of 5 X 5 X 4  unit cells with each atom 
assigned coordinates of position and velocity. An iterative computing 
technique was used with a Born-Mayer potential. Focused collision 
sequences were found to propagate in (llO), (ill) and (110) directions. 
According to the Silsbee model focused sequences cannot propagate along 
(.100) and (ill) directions in an fee lattice. For example, for the 
(lOO) direction ^  = 2^
J 0 0  J 1 0  r ° 110 J  o 7 \Ef = E exp - —  —  (V2 - 1) (1.37)
which gives a focusing energy of about 4 eV for copper - too low for 
collision sequences. Nevertheless, as shown in the review above, (lOO) 
and (ill) type directed ejection is an experimental fact. An examina­
tion of these directions in the lattice suggests a mechanism whereby 
the moving atom may be steered by gently colliding with successive ring 
atoms surrounding these directions at periodic intervals. Nelson and 
Thompson [1961] treated this problem analytically for fee, and by 
Nelson [1963] for bcc lattices. In bcc lattices the direction of 
closest packing is the (ill) direction. Therefore directed ejection 
from (llO) and (lOO), as found experimentally, should be due to focus­
ing by rings of atoms situated along these axes. This type of focusing 
has been given the term assisted focusing. Nelson and Thompson’s 
treatment was as follows. For (lOO) sequences in an fee structure they 
analysed the energetics of an atom A^  as it passed through a ring of 
atoms (B^  to B^ in Fig. 1.11) and being deflected by the ring into a 
collision course with A^ ~ the next atom along the (100) axis. If A^  
is moving at a small angle, Q , to the axis its collision with the atom 
B^-B^ are glancing ones with more momentum being transferred to B^  then 
to B^ . Collisions with B^  and B^ result in no change in trajectory
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F i g .  1 . 1 1 :  The (lOO) a s s i s t e d  f o c u s e d
s e quenc e  i n  an  f e e  l a t t i c e  ( a f t e r  
N e l son  [ 1 9 6 8 ] ) .
s i n c e  t h e  two r i n g  atoms a r e  e q u i d i s t a n t  f rom t h e  p l a n e  o f  t h e  t r a j e c ­
t o r y .  An im p u l s e  a p p r o x i m a t io n  t e c h n i q u e  was used  w i t h  a Born-Mayer 
p o t e n t i a l  t o  a n a l y s e  t h e  A^  - B c o l l i s i o n s .  The impact  p a r a m e t e r ,  b ,  
was r e s t r i c t e d  t o  v a l u e s  ( D ^ ^ / 7 3 )  b ( D ^ ^ / i / J )  and t h e  s c r e e n i n g  c on ­
s t a n t  t o  ( D ^ ^ / 2 0 )  B ( D ^ ^ / 1 0 ) .  A.j-A2 c o l l i s i o n s  were t r e a t e d  i n  t h e  
h a r d  s p h e r e  a p p r o x i m a t i o n .  N e l son  and Thompson g i v e  t h e  a p p ro x i m a t e  
e x p r e s s i o n  f o r  t h e  momentum exchange  be tw een  a moving atom ( v e l o c i t y )  
and a s t a t i o n a r y  one as
P AD—  exp av
( 1 . 3 8 )
The f o u r  impac t  p a r a m e t e r s  were  d e r i v e d  from g e o m e t r i c a l  
c o n s i d e r a t i o n s ,  and t h e s e  were  t h e n  i n s e r t e d  i n t o  t h e  e q u a t i o n .  On 
d i v i d i n g  t h e  r e s u l t a n t  e q u a t i o n  by Mv ( w i t h  M as  t h e  mass o f  t h e  atom) 
and s i m p l i f y i n g  w h i l e  d r o p p in g  s m a l l  q u a n t i t i e s  t h e  d e f l e c t i o n  a n g l e ,  
<t>, was o b t a i n e d  as
A(D110) 2
3EB® exp
,110
( 1 . 3 9 )
From t h e  d iag ram  ( F i g .  1 .1 1 )  0^ w i l l  be l e s s  t h a n  6  ^ i f  C i s  be tw een  0 
and When 0  ^ = 0^ and <J> = 20^ t h e n  t h e  e n e rg y  o f  t h e  atom c o r r e s ­
pond ing  t o  t h i s  s i t u a t i o n  i s  t h e  f o c u s i n g  e n e rg y  e I^O g i v e n  by
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11 0 2,100 A(Dm  )
■f = " 6l5~ exp
.110
(1-40)
,1 00Values of vary from 34 eV for copper to 140 eV for gold. An
analogous expression for eJJ ^ the assisted focusing energy in the (ill)
direction was obtained, and E^^ ~ 490 eV for copper. In this model
the ring atoms are assumed to remain stationary during a collision.
Weijsenfeld [1966] did not make this assumption in his calculation of
.100the assisted focusing parameter, f Moreover he used a soft poten­
tial for the A^-A^ c°l^lsi°ns* His results agree well with the results 
of computer calculations (Vineyard et al. [I960]). Dederichs and 
Leibfried [1962] also analysed these collisions. Their calculations 
agree with machine results at energies above 70 eV, but deviate from 
them below that.
Assisted focused sequences, by their very nature, tend to be 
replacement sequences as well. The relevant replacement energy of A^  
(in c.m. coordinates) is obtained from the change in potential energy 
in moving it from its original lattice position to the middle of the 
trajectory towards .
Nelson [1963] was able to treat analytically the assisted 
focusing in (lOO) and (ill) directions of bcc lattices. He obtained 
analytical expressions for the focusing energies, focusing parameters, 
etc. Actually Silsbee type focusing is possible in the (100) bcc 
directions, but the ring atoms are so close that their influence on the 
particle's trajectory is considerable. The computer simulation results 
of Erginsoy et al. [1964] show (l00) sequences propagating in a-iron - 
a material with bcc structure. On account of the fact that the 
focused atom has to penetrate a potential barrier the energy loss per 
collision is high in assisted focusing collisions. The machine calcu­
lations of Vineyard et al. [1960] give a value of the order of 22 eV
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per  c o l l i s i o n  i n d e p e n d e n t  o f  e n e rg y .  The a n a l y t i c a l  model o f  Ne lson  
and Thompson p r e d i c t s  a 1/E i n c r e a s e  i n  e n e rg y  l o s s  pe r  c o l l i s i o n  as  
t h e  s e q u en c e  p r o g r e s s e s ,  i . e .  e n e rg y  o f  atom d e c r e a s e s .  The d i f ­
f e r e n c e s  w i t h  machine  r e s u l t s  c o u ld  r e s u l t  f rom t h e s e  a u t h o r s  n e g l e c t  
o f  t h e  ou tward  r e l a x a t i o n  o f  t h e  r i n g  a toms.  S ince  t h e  e n e r g y  l o s s  i s  
so h i g h  t h e  r a n g e s  o f  a s s i s t e d  f o c u s i n g  c o l l i s i o n s  i s  n o t  e x p e c t e d  to  
be h i g h .  The c a l c u l a t i o n s  o f  N e lson  and Thompson were  made on t h e  
a s s u m p t io n  o f  a s t r a i g h t  t r a j e c t o r y .  However, t h e  p a th  f o l l o w e d  by t h e  
atom i s  no t  s t r a i g h t .  The t r a j e c t o r y  i s  t h e n  o v e r e s t i m a t e d .  In  
a d d i t i o n  t h e  h a rd  s p h e r e  p o t e n t i a l  would o v e r e s t i m a t e  Q .
The im p u l s e  a p p r o x i m a t i o n  t e c h n i q u e  was a p p l i e d  w i t h  s u c c e s s  
t o  e j e c t i o n  from germanium ( i l l )  d i r e c t i o n  by MacDonald [1970b] .  A 
d iag ram  o f  t h e  a r r a n g e m e n t  o f  a toms a lo n g  t h e  ( i l l )  a x i s  i n  germanium, 
and t h e  f o c u s i n g  r i n g  mechanism s u g g e s t e d  by MacDonald i s  shown i n  
F i g .  1 . 1 2 a , b .  Each ' l e n s '  s e c t i o n  c o n s i s t s  o f  f o u r  r i n g s  E, F, G and H 
o f  t h r e e  atoms each  and s e p a r a t e d  by t h e  d i s t a n c e s  EF = d, FG = d / 3 ,
GH = d where  t h e  d i s t a n c e s  a r e  m easured  t o  t h e  c e n t r e  o f  each  r i n g
a lo n g  t h e  ( i l l )  a x i s ,  and d i s  t h e  d i s t a n c e  be tw een  A and B. The atoms
A, B, C, D l i e  a lo n g  t h e  ( i l l )  a x i s  a t  d i s t a n c e s  f rom A o f  d, 6d,  7d
r e s p e c t i v e l y .  MacDonald assumed t h a t  r i n g s  E and H ca n  be i g n o r e d ,  
w h i l e  r i n g s  F and G can  be r e g a r d e d ,  t o  a f i r s t  a p p r o x i m a t i o n ,  a s  a 
s i n g l e  r i n g  composed o f  s i x  a toms and s i t u a t e d  a t  ( 3 d / 2 )  f rom B. The 
u s u a l  h a rd  s p h e r e  c o l l i s i o n s  t r e a t m e n t  was t h e n  a p p l i e d  t o  c o l l i s i o n s  
between  A and B, w h i l e  t h e  im p u l s e  a p p r o x i m a t i o n  was used  f o r  t h e  c o l ­
l i s i o n  o f  a tom B w i t h  t h e  r i n g .  The e x p r e s s i o n  used  f o r  t h e  momentum 
t r a n s f e r  be tw een  t h e  p r o j e c t i l e  and t h e  r i n g  atoms i s  t h e  one d e r i v e d  
by Ne l son  and Thompson [1961] f o r  c o p p e r .
The impac t  p a r a m e t e r s ,  d e r i v e d  from t h e  c o l l i s i o n  g e om e t ry ,  
were i n s e r t e d  i n t o  t h e  e x p r e s s i o n  f o r  momentum t r a n s f e r  wh ich ,  when
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d i v i d e d  by M
ge
v y i e l d e d  t h e  d e f l e c t i o n  a n g l e ,  <t>, where
Ad2 r 24 / 2 11. 7d
0 1 a2 E 1 1 7
exp 12a ( 1 . 4 1 )
, t h e  f o c u s i n g  e ne rgy ,  was t h e n  e x t r a c t e d  from t h i s  e x p r e s s i o n  by 
a p p l y i n g  t h e  c o n d i t i o n  t h a t  f o c u s i n g  i s  o b s e r v e d  when 4> = 2 6 y  The 
v a l u e  o f   ^ o b t a i n e d  was 45 eV f o r  Ge, and,  on a p p l y i n g  t h e  S i l s b e e  
f o c u s i n g  en e rg y  t o  t h e  A - B c o l l i s i o n ,  t h e  f o c u s i n g  en e rg y  f o r  t h a t  
s e c t i o n  was found t o  be a bou t  70 eV. T h i s  t h e n  i n d i c a t e d  t h a t  a s s i s t e d  
f o c u s i n g  w i l l  dom ina te  over  t h e  c o l l i s i o n  sequences»  T h i s  model w i l l  
be d i s c u s s e d  f u r t h e r  i n  c h a p t e r  4 i n  c o n n e c t i o n  w i t h  t h e  r e s u l t s .  The 
a n a l y s i s  a l s o  i n d i c a t e s  t h a t  f o c u s e d  c o l l i s i o n  s e q u en c e s  a r e  p o s s i b l e  
i n  s i l i c o n  ( i l l )  d i r e c t i o n ,  bu t  e v i d e n c e  o f  t h e s e  seq u en c e s  has  no t  
been found e x p e r i m e n t a l l y .  MacDonald f u r t h e r  p o i n t s  o u t  t h a t  t h e  i n t e r ­
a tom ic  p o t e n t i a l  i s  o f  d o u b t f u l  v a l i d i t y  i n  s e m i c o n d u c t o r s .
O the r  i n t e r p r e t a t i o n s  ( A g ran o v ic h  e t  a l .  [1970])  o f  s p o t  p a t ­
t e r n  from s e m ic o n d u c to r  c r y s t a l s  have been  b a s ed  on t h e  Lehmann and 
Sigmund [1966] model .  Assuming long  r a n g e  f o c u s o n s  (R^ > 5 l a t t i c e  
c o n s t a n t s )  were p r e d o m i n a n t ly  r e s p o n s i b l e  f o r  t h e  s p o t s ,  and t h a t  
fo c u s e d  c o l l i s i o n s  d i d  no t  p r o p a g a t e  i n  s e m ic o n d u c to r  c r y s t a l s  t h e n  t h e  
Lehmann and Sigmund model w i l l  have  a c e r t a i n  a p p e a l  when a p p l i e d  to  
s e m i c o n d u c t o r s .  These  a u t h o r s  s u g g e s t e d  t h a t  s p o t s  a r o s e  as  a con ­
se quenc e  o f  t h e  r e g u l a r i t y  o f  t h e  l a t t i c e  pe r  se  and n o t  n e c e s s a r i l y  
from long  r a n g e  f o c u s e d  s e q u e n c e s .  A c c o r d in g  t o  Lehmann and Sigmund 
e ne rgy  t r a n s f e r  o c c u r s  f rom t h e  bombarding  i o n s  t o  s u r f a c e  l a y e r  atoms 
and t h e  l a t t e r  a r e  e j e c t e d  i f  t h e  a c q u i r e d  e n e rg y  i s  l a r g e  enough t o  
overcome t h e  s u r f a c e  b i n d i n g  e n e rg y .  F u r t h e r m o r e  t h e  en e rg y  d i s t r i b u ­
t i o n  w i l l  be peaked a t  t h e  low e n e r g i e s  w i t h  maximum en e rg y  f o r  
e j e c t i o n .  Two models  were advanced  t o  e x p l a i n  t h e  o r i g i n  o f  s p o t  
p a t t e r n s .  A c c o rd in g  t o  t h e  f i r s t ,  shown i n  F i g .  1 . 1 3 a ,  a s u b s u r f a c e
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atom will sputter if it has enough energy to penetrate the potential 
barrier posed by the ring of atoms around its axis. The direction 
requiring the minimum of energy is the symmetry axis of the ring, hence, 
a spot pattern will arise from this configuration. The ring mechanism 
is evidently a relatively high energy mechanism. The second model is 
the head-on collision mechanism, depicted in Fig. 1.13b. An atom in 
the top layer will be ejected if it acquired enough energy from a col­
lision with its neighbour in the lower plane. Thus these would cause 
binary collisions along low index directions. This model was used to 
predict the angular width of the (llO) spot from copper with the 
results giving fair agreement with the experiment. Von Jan and Nelson 
[1968] found, on running this model in machine calculations of relative 
yields of random and directed sputtering, that the head-on mechanism 
did not adequately explain the observed intensities of spots in sput­
tered atom ejection patterns. Thus, while a spot would be obtainable 
at 'zero' temperature (i.e. static lattice) for small values of energy 
losses, relative thermal vibration of surface layers would bring about 
a flat intensity distribution as the temperature increases.
Nevertheless, the Lehmann and Sigmund model would seem to 
have support in the computer simulation results of Harrison et al.
[1968] which show sputtering, and ejection patterns to result from col­
lisions in the three surface layers. The latter authors simulated the 
sputtering of (111), (110) and (100) copper single crystals bombarded 
by argon ions with energy in the keV region. They used the potential 
V(v) = ap(A - Br) with A and B restricted to 7.5 < B < 7.7 and 
11.4 < A < 14.0. Sputtering was found to originate from the top four 
layers of the target with focusons making a negligible contribution to 
the yield. The spot patterns they obtained agree very well with 
experimental ones. Harrison et al. observed four multi-body collisions
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Fig. 1.13: Lehmann and Sigmund [1966] model. (a) Transmission
mechanism. (b) Head-on mechanism.
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Fig. 1.14: Three of the ejection models suggested by Harrison et al.
[1968]. (After MacDonald [1970c].)
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which led to sputtering. The first, termed the mole mechanism - see 
Fig. 1.14a - the lower energy member of a pair of primary recoils, 
moved between two planes parallel to the surface and knocked a next 
nearest neighbour out of the crystal. The energies of 'mole-sputtered' 
atoms peaked at about 10 eV. Figure 1.14b shows the scoop mechanism.
In this an atom recoiled from a collision with the impinging ion in 
such a direction that it passed underneath its nearest neighbour caus­
ing the latter to be ejected. In the third mechanism - the squeeze 
mechanism shown in Fig. 1.14c - atom 3 squeezes against atom 4 against 
its neighbours. The result is that atom 4 or 5 is sputtered. Both-the 
scoop and squeeze mechanisms occurred at impact parameters less than a 
third of the atom radius. In the fourth mechanism, after penetrating 
the second layer, the recoiling atom was reflected from the third layer. 
It then collided with a second layer atom ejecting it upward. The 
knocked-on second layer atom could then bring about ejection of a sur­
face atom. Robinson [1969] criticized the work of Harrison et al. on 
the basis of the potential. According to Robinson, the potential was 
too hard, thus making the results unrealistic. Harrison [1969] 
defended their choice of potential.
Two other simulations need mention in connection with 
focusons because they showed the presence or absence of focusons in 
materials other than metals. Ostry and MacDonald [1970] carried out a 
simulation of the sputtering of germanium (100) with 1 keV argon ions. 
Experimentally, the sputtered atom ejection pattern from (100) Ge shows 
(ill) spots (MacDonald [1970a,b]). The spot patterns obtained in the 
simulation corresponded very well with experimental ones. However, the 
mechanism which gave rise to these spots was neither focusons nor (ill) 
type assisted focusing as postulated by MacDonald, but scoop-like 
mechanisms discussed above. The few focused energy packets that were
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observed were propagating into the crystal. Torrens et al. [1966], in 
simulating the bombardment of KC1, an alkali halide, observed focusons 
propagating in the lattice mainly in (110) directions.
In conclusion it is evident that there is a certain amount 
of conflict surrounding the importance, or lack of, of focused energy 
packets in sputtering. The controversy is not about the occurrence of 
focusons, but rather what part they play in directed ejection. Some 
uncertainty surrounds the potentials currently used in analytical 
models. This uncertainty is particularly acute in the case of semicon­
ductors in which material the potentials applicable in 'simple1 
analysis have questionable validity. The computer simulation results 
reflect the conflict in experimental data. In addition the simulations 
are being questioned for their artificiality. Further experimental 
work is required before a clear picture could emerge. It is hoped that 
the work reported here will make a contribution towards better under­
standing of atomic collision processes in solids.
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CHAPTER 2
REVIEW OF RADIATION DAMAGE WORK 
2.1 INTRODUCTION
In the bombardment of crystals with energetic ions 
damage arises not only as a result of the displacement of target 
atoms from their lattice sites but also through the injection 
of foreign atoms. The type and nature of defects induced depend 
on such factors as the nature of the target and its temperature, 
ion species and energy. The concentration of defects during 
and/or after irradiation is usually in excess of the thermo­
dynamic equilibrium concentration. Forces in the crystal then 
tend to restore equilibrium by annihilating the defects and thus 
reducing the concentration to a level characteristic of the 
temperature. The removal of excess defects is termed annealing. 
The lifetimes of the defects cover a wide spectrum, varying from 
very long to very short, that is the defects range from 
permanent to transient. Most of the studies in radiation damage 
have been directed towards permanent defects. In such studies 
the crystal temperature during irradiation was low enough to 
retard mobility of the defects of interest. The induced damage 
was then subsequently observed or measured. Particles other 
than ions have generally been used to produce the disorder.
An informative review of work on electron irradiation damage 
in semiconductors and metals was carried out by Corbett (1966) 
while Abroyan (1971) reviewed the work on ion bombardment of
semiconductor s .
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In this thesis attention was focused on factors 
influencing the rates of production and removal of defects in 
single crystals of germanium, silicon and indium antimonide 
bombarded by 5-15 keV rare gas ions. Dynamic or insitu 
techniques were employed, the use of which made possible the 
monitoring of damage during its creation and annealing in 
contrast to static methods where the defects are investigated 
some time after irradiation. It is felt that the latter 
technique provides inadequate information due to the fact that 
at defect densities involved in ion bombardment work a great 
deal of annealing occurs during the irradiation. This review 
will place emphasis on the dynamic techniques.
2.2 RADIATION INDUCED DEFECTS
A necessarily curtailed discussion of defects generated 
in crystals by energetic ions will be presented. For more 
comprehensive reviews reference is made to the monographs, Kelly 
(1966), Chadderton (1965), Thompson (1969) and Damask and Dienes 
(1963).
The type and configuration of defects produced in 
a crystal is determined by the bombarding ion energy. At very low 
ion energies (< 50eV) only vacancy-interstitial pairs are created. 
This arises from the fact that the recoils have insufficient 
energy to bring about additional displacements.
At the higher energies, for example in the keV region, 
the primary, secondary and further generation knock-ons have 
enough recoil energy to cause further displacements during 
their slowing down. A branching structure of damage will then
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result. Such a structure was obtained by Yoshida (1961) in machine 
calculations of the collision cascades from medium energy 
(e.g. 10 keV) recoils in germanium, and in the work of Beeler and 
Besco (1962, 1963) for a simulated bombardment of beryllium oxide 
with iodine ions of energy in the keV region. The defect 
configurations will include such agglomerations as divacancies, 
trivacancies etc., perhaps with analogous configurations of 
interstitials. The results of Beeler and Besco (1963) showed 
that for a given material relative quantities of the various 
defect configurations depend on the ion energy. These results are 
shown in table 2.1.
Table 2.1
Size and Distribution of Stable Vacancy Clusters Produced
by Iodine Bombardment of Be 0 . (after Beeler et al. 1963)
Bombardment 
Energy (keV) Monovacancies Divacancies Trivacancies
5 90% 10% 0
10 80% 8% 12%
20-50 60% 14% 16%
It can be concluded from these results that, in general, the induced 
defects become more complex as the ion energy is increased.
The divacancy has in fact been identified by Stein et al
(1969) in silicon bombarded at 50°C with 400 keV oxygen ions to a 
14 -2dose of 1.75 x 10 ions cm on each side of the target slice.
These authors detected the divacancy by using the optical
absorption band at 1.8y.
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However, t h e  s i t u a t i o n  i s  u n d o u b t e d l y  more complex t h a n  
t h a t  p o r t r a y e d .  Two m ode l s  a r o s e  i n  a t t e m p t i n g  t o  e x p l a i n  the  
damage c r e a t i o n  of  e n e r g e t i c  p r o j e c t i l e s  such as  i o n s ;  t h e s e  
were t h e  t h e r m a l  s p i k e  ( S e i t z  e t  a l ,  1956;  V i n e y a r d ,  1961)  and 
t h e  d i s p l a c e m e n t  s p ik e  (Brinkman,  1954,  1956) m ode l s .  A th e r m a l  
s p i k e  o c c u r s  when t h e r e  i s  a l o c a l i z e d ,  t r a n s i e n t  h e a t i n g  of 
t h e  l a t t i c e  a lo n g  th e  t r a c k  of  an i o n  o r  r e c o i l  a tom. T h i s  
’h e a t i n g '  a r i s e s  f rom energy  t r a n s f e r r e d  to  a l a t t i c e  atom 
s e t t i n g  i t  i n t o  c h a o t i c  v i b r a t i o n  i n  a manner deemed e q u i v a l e n t  
to  i n t e n s e  t h e r m a l  h e a t i n g .  Such m o t i o n ,  i f  t r a n s m i t t e d  t o  
n e i g h b o u r s ,  c a u s e s  them t o  v i b r a t e  i n  an e q u i v a l e n t  manner .  I f  
t h i s  o c c u r r e d  t o  many l a t t i c e  a toms i n  o r  a lo n g  a s p e c i f i c  r e g i o n  
of  the  c r y s t a l  t h a t  l o c a l i t y  i s  t ermed a t h e r m a l  s p i k e .
Accord ing  t o  the  v iew  t a k e n  by Brinkman (1956)  when th e  e ne rgy  
of t h e  i o n  o r  moving atom i s  low enough i t s  mean f r e e  p a th  
becomes comparab le  t o  t h e  mean i n t e r a t o m i c  d i s t a n c e  . I n  t h e s e  
c i r c u m s t a n c e s  t h e  p r o j e c t i l e  d i s p l a c e s  p r a c t i c a l l y  e v e ry  atom 
a lo n g  i t s  p a t h .  The r e s u l t i n g  d i s o r d e r e d  r e g i o n  was termed a 
d i s p l a c e m e n t  s p i k e .  Seeger  (1958)  p u t  fo rw ard  the  v i e w  t h a t  i n  
c l o s e  packed c r y s t a l s  t h e  d i s p l a c e d  atoms c o u ld  be t r a n s p o r t e d  
away by r e p l a c e m e n t  s e q u e n c e s .  A vacancy  r i c h  zone ,  t h e  d e p l e t e d  
zone ,  was t h e n  c r e a t e d  i n  t h e  co re  o f  t h e  d i s p l a c e m e n t  s p i k e .
The s p i k e  models  have a l s o  been  invoked  t o  e x p l a i n  the  
a n n e a l i n g  of  i r r a d i a t i o n  induce d  d e f e c t s  a s  w i l l  be d i s c u s s e d  
i n  c h a p t e r  s i x .  The machine c a l c u l a t i o n s  o f  Gibson  e t  a l  (1960) 
produced  r e s u l t s  which seem t o  s u p p o r t  t h e  t h e r m a l  s p i k e  c o n c e p t .  
These  a u t h o r s  c a l c u l a t e d  t h e  e q u i v a l e n t  t e m p e r a t u r e  o f  an atom
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by a v e r a g i n g  i t s  k i n e t i c  e n e r g y  o v e r  an  i n t e r v a l  of  t im e  l o n g e r  
t h a n  a Debye p e r io d  and,  by a p p l y i n g  t h i s  p r o c e d u r e  to  many 
atoms,  were a b l e  to  draw c o n s t a n t  t e m p e r a t u r e  c o n t o u r s  on v a r i o u s  
p l a n e s  of  t h e i r  c r y s t a l  model .  G ibson  e t  a l  (1960)  o b t a i n e d  
l o c a l  s p o t s  of  v e ry  h i g h  t e m p e r a t u r e s  ( f a r  above  t h e  m e l t i n g  
p o i n t )  su r r o u n d e d  by c o n t o u r s  of  l e s s e n i n g  t e m p e r a t u r e .  The 
h e a t e d  r e g i o n s  c oo le d  much more r a p i d l y  t h a n  p r e d i c t e d  from 
thermodynamic t h e o r y  (V in e y a r d ,  1 9 61 ) .  The a n a l y t i c a l  t r e a t ­
ment of  t h e r m a l  s p i k e s  i s ,  however ,  i n a c c u r a t e  b e c a u s e  o f  the  
d o u b t f u l  a p p l i c a b i l i t y  of  c l a s s i c a l  m a c r o s c o p ic  thermodynamic 
c o n c e p t s  to  m i c r o s c o p i c  sys tem s  and t o  phenomena o f  e x c e e d i n g l y  
s h o r t  l i f e - t i m e s .
2 .3  EXPERIMENTAL TECHNIQUES 
2 . 3 . 1  I n t r o d u c t i o n
The u s u a l  e x p e r i m e n t a l  a p p r o a c h  i n v o l v e s  m o n i t o r i n g  
some p h y s i c a l  p r o p e r t y  of  t h e  s u b s t a n c e  which a l t e r s  i n  a 
p r e d i c t a b l e  and r e p r o d u c i b l e  manner  w i t h  changes  i n  t h e  l e v e l s  
of  d e f e c t  d e n s i t y .  With  dynamic t e c h n i q u e s  one s t u d i e s  t h e  
v a r i a t i o n s  of  some p h y s i c a l  phenomena a s s o c i a t e d  w i t h  changes 
i n  t h e  s t a t e  o f  o r d e r  or  d i s o r d e r  i n  the  c r y s t a l  as  the  
d e f e c t s  a r e  c r e a t e d  and a n n i h i l a t e d  d u r i n g  a bombardment .  I t  
i s  o b v io u s  t h a t  i f  t h e  r a t e  of  i n t r o d u c t i o n  o f  damage i s  f a s t e r  
t h a n  t h e  r a t e  of  a n n e a l i n g  t h e n  damage must  a c cu m u la t e  l e a d i n g  
t o  s a t u r a t i o n  i n  some f i n i t e  t i m e .  I f ,  on t h e  o t h e r  hand ,  t h e  
r e v e r s e  h o l d s ,  t h e n  the  c r y s t a l  w i l l  r em a in  e f f e c t i v e l y  
undamaged , and s a t u r a t i o n  o c c u r s  a t  i n f i n i t e  t i m e . The i n i t i a l  
p o i n t  f o r  t h e  l a t t e r  s i t u a t i o n  o c c u r s  when t h e  r a t e s  of c r e a t i o n
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and a n n i h i l a t i o n  a re  e q u a l .  I n  i o n  bombardment  work w i t h  semi­
c o n d u c to r  t a r g e t s  the  t e m p e r a t u r e  a t  wh ich  t h e  c h a r a c t e r i s t i c  
r a t e  of a n n e a l i n g  e q u a l s  t h e  g i v e n  r a t e  o f  p r o d u c t i o n  o f  d e f e c t s  
i s  c a l l e d  t h e  t r a n s i t i o n  t e m p e r a t u r e ,  T a . The b e h a v i o u r  of 
p h y s i c a l  phenomena such  as  s e c o n d a r y  e l e c t r o n  and i o n  e m i s s i o n ,  
i o n  s c a t t e r i n g ,  s p u t t e r i n g  e t c . ,  i s  s e n s i t i v e  t o  w h e th e r  the  
t a r g e t  i s  m a i n t a i n e d  above or  below t h e  t r a n s i t i o n  t e m p e r a t u r e  
d u r i n g  i r r a d i a t i o n .
2 . 3 . 2 .  Secondary  E l e c t r o n  E m is s io n
Th is  method depends on t h e  e x p e r i m e n t a l  r e s u l t  
( c h a p t e r  one)  t h a t  the  a n i s o t r o p y  o f  the  s i n g l e  c r y s t a l  s t r u c ­
t u r e  m o d u la t e s  the  i n t e r a c t i o n  o f  an i n c i d e n t  i o n  beam w i th  t h e  
l a t t i c e  a tom s .  I n  the  c a s e  o f  s e c o n d a r y  e l e c t r o n  e m i s s i o n  as 
t h e  t a r g e t  i s  r o t a t e d  t h e  v a r i a t i o n  of the  i o n - e l e c t r o n  e m i s s io n  
c o e f f i c i e n t ,  # ,  i s  non-m ono ton ic  showing i r r e g u l a r i t i e s  which 
a r e  r e l a t e d  to  t h e  c r y s t a l  o r i e n t a t i o n .  However, when th e  
t a r g e t  i s  a s e m ic o n d u c to r  s i n g l e  c r y s t a l  the  a n i s o t r o p i c  
v a r i a t i o n  of  t h e  above c o e f f i c i e n t  a l s o  depends  on t h e  temp­
e r a t u r e  o f  t h e  t a r g e t .  Below th e  t r a n s i t i o n  t e m p e r a t u r e ,  Ta,  
t h e  c u r v e  of # a g a i n s t  t h e  a n g le  o f  i o n  beam i n c i d e n c e  i s  smooth;  
above Ta t h e  y i e l d  p l o t  shows i r r e g u l a r i t i e s .  In p r a c t i c e  t h e r e  
i s  no s h a r p  boundary  be tw een  t h e  two.  As t h e  t e m p e r a t u r e  i s  
lowered  the  i r r e g u l a r i t i e s  become i n c r e a s i n g l y  l e s s  p ronounced  
t i l l  t h ey  d i s a p p e a r .  These ch a n g es  occur  i n  a n a r row  t e m p e r a ­
t u r e  r an g e  of  t h e  o r d e r  of  30°C or  l e s s ,  w i t h  Ta l y i n g  w i t h i n  
t h e  r a n g e .  To f i n d  t h e  e x a c t  v a l u e  o f  Ta th e  y i e l d  i s  m o n i to re d  
f o r  beam i n c i d e n c e  a lo n g  a d e f i n i t e  low in d e x  d i r e c t i o n .  The m agn i ­
t u d e  of  t h e  y e i l d  c ha nges  a b r u p t l y  a t  Ta ( w i th  AT ^  5 to  15°C)
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F ig .  2 .1 i  The maximum k i n e t i c  se c o n d a ry  e l e c t r o n  e m is s io n  y i e l d ,
)fmax* p l ° t t e ( * a g a in s t  te m p e ra tu re  f o r  40 keV Ge+ bom barding (110) 
germ anium . (A f te r  Holmen and H ögberg , 1972)
whose v a lu e  i s  th e n  e q u a l t o  th e  te m p e ra tu re  i n  th e  m id d le  o f th e  
i n f l e x i o n .  F ig u re  2 .1  o b ta in e d  by Holmen e t  a l  (1972) from  bombardm ent 
of germ anium  w ith  40 keV germ anium  io n s  o f  v a r io u s  dose r a t e s  i n c id e n t  
a lo n g  a <110) d i r e c t i o n  shows th e  i n f l e x i o n  i n  th e  y i e l d  c u r v e .
Evdokimov e t  a l  (1967) u sed  th e  i o n - e l e c t r o n  e m is s io n  from  (111) s u r f a c e s  
o f  germ anium  to  m o n ito r  th e  a n n e a l in g  o f damage from  bom bardm ent w i th
_2
30 keV n eo n , a rg o n  and k ry p to n  io n s  o f c u r r e n t  d e n s i t i e s  0 ,2 5  to  0.5mA cm
_2
A broyan e t  a l  (1969) bom barded (111) germ anium  w ith  8yA cm o f 10 keV 
xenon io n s  and com pared th e  r a t e s  o f i n t r o d u c t i o n  and a n n e a l in g  o f  damage 
u s in g  se c o n d a ry  e l e c t r o n  e m is s io n .  F u r th e rm o re , w ith  t h i s  t e c h n iq u e ,
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monitoring of the yield as a function of time at a given temperature 
furnishes information on the relationship between the nature and kinetics 
of defects on the one hand and ion dose on the other.
The advantages of the method are its simplicity and sensitivity, 
while the disadvantages are that it has hitherto been applied only 
qualitatively.
2,3.3 Sputtering Techniques
The sputtering yield of single crystal semiconductors is 
sensitive to the degree of disorder in the bombarded surface layers in 
a manner analogous to the secondary electron emission yield. Anderson 
(1967) used a spectroscopic technique to measure the sputtering yield 
of germanium (100), (110) and (111) surfaces bombarded with low energy 
rare gas ions of various current densities. The targets were not rotated. 
When the yield was monitored as a function of temperature sudden changes 
in the yield at the transition temperature were obtained for (100) and 
(110) surfaces, but not for (111) surfaces. A variant of this method 
is the use of sputtered atom ejection patterns to monitor damage in the 
surface layers. In the sputtering yield method crystallographic 
emission effects are usually integrated so that damage is detected by 
means of the interaction of incoming ions with the single crystal 
lattice in contrast to the sputtered atom ejection pattern method which 
utilizes the anisotropic ejection characteristics of monocrystalline 
targets. Below the transition temperature, Ta, ejection occurs from 
a disordered region since the rate of annealing is less than the rate 
of generation of defects. Each incident ion then impacts on a region 
effectively disordered by a prior event; momentum transfer occurs in the 
disordered environment. The resultant ejection pattern, therefore, is
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characteristic of the pattern expected from a random target. Above the 
transition temperature ejection occurs from a single crystal surface 
since the rate of annealing is now faster. The ejection pattern then 
reflects the symmetry of the bombarded surface . Anderson and Wehner 
(1964) applied the method in studying the removal of ion induced damage 
in single crystals of germanium, silicon, indium antimonide and indium 
arsenide. Zwangobani and MacDonald (1970, 1971) use the same technique 
in an investigation of the annealing of kinetics of ion-induced defects 
in germanium and silicon single crystals.
2.3.4 Ion Scattering
The double scattering peak in the ion scattering spectra is 
obtained only from single crystal targets. Hence this peak does not 
appear in the spectrum of ions scattered from a target maintained at 
a temperature below Ta during the bombardment. Mashkova et al (1969) 
have demonstrated the use of this technique in detecting the 
transition temperature.
2.3.5 Rutherford Back-Scattering
Rutherford back-scattering techniques allow one not only to 
measure the damage, but also no determine the fraction of injected ions 
situated on substitutional locations. The technique utilizes the yield 
of very light ions (usually helium or protons) of keV to MeV energy 
back-scattered from both the lattice and implanted atoms. The basis of 
the method is as follows. Charged particles incident on a single crystal 
within the critical angle for channelling of an axis or plane are 
prevented from approaching the lattice atoms closer than about 0.2Ä by 
a series of large impact parameter collisions. Thus any process
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requiring an impact parameter smaller than 0.2Ä is effectively prohibited 
by this mechanism. However, lattice or impurity atoms that are displaced 
by more than the critical impact parameter will interact normally with 
the channelled beam. The yield of processes requiring close encounters 
then increases. In particular the back-scattering yield increases to a 
peak such that the area of that peak is a measure of the number of 
particles interacting normally with the channelled beam. The energy of 
particles back-scattered from implanted atoms will usually differ from 
that of particles back-scattered from lattice atoms leading to different 
peaks in the back-scattering yield curve .
This technique is not normally used in the dynamic mode. It 
has been included because of its obvious relationship to the methods 
above, and because of its current importance in damage studies. Davies 
et al (1967), using the back-scattering technique demonstrated that ion 
induced damage increased linearly with dose until saturation. Vook 
and Stein (1969) applied the same method in measuring the lattice 
disorder induced by 40 keV ions of various doses .
2.4 EXPERIMENTAL RESULTS
This discussion will include those results obtained by static
methods which are considered to bring out important characteristics of
ion bombardment induced disorder. A great deal of information on
radiation defects has been obtained by techniques such as electron
microscopy and electron diffraction. Parsons (1965) using transmission
electron microscopy, observed isolated regions of disorder in crystalline
germanium after bombardment with 100 keV oxygen ions with the crystal
maintained at 30°K or room temperature. The number of such regions
14 -2increased linearly with dose up to doses of 5 x 10 ions cm , after 
which the disordered zones were observed to overlap forming an amorphous
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l a y e r .  I n  a d d i t i o n  t h e i r  s i z e  i n c r e a s e d  w i t h  d e c r e a s e  i n  t h e  t e m p e r a t u r e
of  t h e  t a r g e t  d u r i n g  bombardment ,  t h e  mean d i a m e t e r  b e i n g  68Ä a t  30°K
12 -2and 89Ä a t  room t e m p e r a t u r e  f o r  d o s e s  l e s s  t h a n  1 . 3  x 10 i o n s  cm
Low ene rgy  e l e c t r o n  d i f f r a c t i o n  t e c h n i q u e s  were used  by J a c o b s o n  and
Wehner (1965) to  s tu d y  th e  i n d u c e d  damage and i t s  a n n e a l i n g  i n  germanium
bombarded w i t h  low e n e rg y  (^1 keV) a rgon  i o n s ,  The a u t h o r s  found t h a t
a t  t h e  h i g h e r  i o n  e n e r g i e s  s m a l l e r  d o s e s  were r e q u i r e d  to  d i s o r d e r  t h e
s u r f a c e s .  H e a t in g  the  c r y s t a l  t o  300-40Q°C a n n e a l e d  t h e  damage.
W e is e n b e rg e r  e t  a l  (1971)  used  t h e  b a c k - s c a t t e r i n g  o f  400 keV p r o t o n s
t o  measure  t h e  amount o f  damage i n  low t e m p e r a t u r e  (98°K and 298°K)
bombardments of g a l l i u m  a r s e n i d e  (111)  s i n g l e  c r y s t a l .  Zinc and xenon
ions  a t  140 and 151 keV r e s p e c t i v e l y  were u s e d .  These a u t h o r s  examined
th e  e f f e c t  of  i m p l a n t a t i o n  t e m p e r a t u r e ,  dose  r a t e  and i o n  mass on t h e
_2
amount of  i n d u c e d  damage.  I r r a d i a t i o n  w i th  0 .9  nA cm of  151 keV xenon
i o n s  a t  298°K p roduce d  much l e s s  damage compared to  one p e r f o r m e d  w i t h
t h e  t a r g e t  a t  98°K. An e s t i m a t e  f rom t h e i r  p u b l i s h e d  c u rv e s  g i v e s  t h e
r e s u l t  t h a t  f o r  a f l u e n c e  o f  2 x 10"^ Zn+ cm " t h e  i nduce d  damage a t
98°K was a b o u t  s i x  t im e s  t h a t  a t  298°K. The a u t h o r s  c o n c lu d e d  t h a t
s i g n i f i c a n t  a n n e a l i n g  o c c u r r i n g  d u r i n g  room t e m p e r a t u r e  i m p l a n t a t i o n s
reduc e d  th e  e f f e c t i v e  damage.  F u r th e r m o r e  a d o s e  r a t e  e f f e c t  was
o b s e rv e d  i n  t h e  room t e m p e r a t u r e  i r r a d i a t i o n s .  The in d u ce d  d i s o r d e r  a t
t h e  same dose  was r o u g h ly  t h r e e  t im es  g r e a t e r  f o r  an i n c r e a s e  i n  dose
- 2  - 2r a t e  f rom 0 .9  nA cm t o  be tw een  25 and 85 nA cm . W e is e n b e r g e r  e t  a l  
o b s e rv e d  no s t r o n g  dependence  o f  t h e  damage l e v e l  on i o n  s p e c i e s .  I n  
f a c t  f o r  dose  r a t e s  such t h a t  t h e  e n e rg y  d e p o s i t e d  i n t o  a tom ic  
p r o c e s s e s  was e q u a l  t h e  damage from z i n c  bombardment  was a p p r o x i m a t e l y  
e q u a l  to  t h a t  f rom xenon .
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In similar studies Whitton et al (1971) combined the radiotracer 
technique with Rutherford back-scattering to measure damage in single 
crystals of gallium arsenide, gallium phosphide and germanium bombarded 
along the ( HO) direction. Irradiations were performed from 20°C to 
150°C. The 150CC bombardments resulted in very little damage in the 
surface layers. This effect was particularly noticeable for gallium 
arsenide. Mazey and Nelson (1968), using silicon single crystals as 
targets, obtained the result that the threshold dose of 60 keV neon ions 
required to render the surface amphorous varied exponentially with target 
temperature from 23°C to 250°C, indicating that it was more difficult to 
amorphize the surface at the higher temperatures.
Important contributions to knowledge about the annealing kinetics 
of ion induced damage has come from gas release work. During a bombard­
ment most of the incident particles are trapped inside the crystal. These 
injected particles are generally freed upon heating the target or they 
get knocked out by other incoming ions. MacRae and Gobeli (1964) during 
low energy electron diffraction work with semiconductor single crystals 
(see chapter four) observed that the annealing of ion bombardment induced 
disorder coincided with the release of injected gas. Jacobson and 
Wehner (1965) in the study reported above also noticed the coincidence of 
gas release with annealing of disorder. In work involving many materials 
including germanium and silicon Jech and Kelly (1969) obtained gas 
release peaks at 470°C for the former and 720°C for the latter. The 
targets were bombarded with radioactive krypton ions. Matzke (1970), 
from gas release data, obtained for high dose bombardment of germanium 
by xenon ions an activation enthalpy of 2.5 eV and gas release was 
observed to start at 420°C.
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Evdokimov e t  a l  (1967) s t u d i e d  che a n n e a l i n g  o f  i nduce d  d i s o r d e r
i n  (111)  germanium s u r f a c e s  bombarded w i th  r a r e  gas  i o n s  of  30 keV e ne rgy
-2and c u r r e n t  d e n s i t y  of  0 .25  to  0 ,5  mA cm . Secondary  e l e c t r o n  e m i s s i o n  
was used  to  m o n i t o r  damage. T r a n s i t i o n  t e m p e r a t u r e s  i n  t h e  r an g e  300 to  
350°C w e re  o b t a i n e d .  F u r t h e r m o r e ,  t h e y  o b s e r v e d  t h a t ,  f o r  i o n  beam 
i n c i d e n c e  a lo n g  a f i x e d  d i r e c t i o n ,  t h e  y i e l d  i n c r e a s e d  o r  d e c r e a s e d  w i th  
i n c r e a s i n g  t e m p e r a t u r e  i n  t h e  t r a n s i t i o n  t e m p e r a t u r e  r e g i o n  depend ing  on
w h e th e r  the  d i r e c t i o n  o f  i o n  beam i n c i d e n c e  gave maxima or  minima i n  y i e l d
-2
r e s p e c t i v e l y .  On bombarding  germanium (111)  s u r f a c e s  w i t h  8yA cm of  
10 keV xenon  i o n s  Abroyan e t  a l  ( 1 9 6 9 ) ,  a l s o  u s i n g  a s e c o n d a r y  e l e c t r o n  
e m i s s i o n  t e c h n i q u e ,  were  a b l e  to  measure  t h e  two t r a n s i t i o n  t e m p e r a t u r e s  
Ta and T . The fo rm er  was t h e  t e m p e r a t u r e  a t  which t h e  i r r e g u l a r i t i e s  i n  
t h e  y i e l d  cu rve  d i s a p p e a r e d ,  w h i l e  the  l a t t e r  was d e f i n e d  as  the  
t e m p e r a t u r e  a t  which  t h e  i r r e g u l a r i t i e s  began  to  smooth o u t .  Both Ta and 
T^ were o b s e rv e d  t o  i n c r e a s e  w i t h  i n c r e a s i n g  i o n  beam c u r r e n t  d e n s i t y ,  
w i t h  t h e  d i f f e r e n c e  T^-Ta amount ing  t o  10~20°C.  I t  was f u r t h e r  o b s e rv e d  
t h a t  b o t h  Ta and T^ a g re e d  f o r  d i f f e r e n t  c r y s t a l  d i r e c t i o n s .  An a c t i v a t i o n  
energy  of 1 . 8  ± o . 2  eV f o r  t h e  a n n e a l i n g  p r o c e s s  was o b t a i n e d .  The 
r e s u l t s  o f  Holmen e t  a l  (1972) i l l u s t r a t e  v e r y  w e l l  t h e  dose  r a t e  
dependence  o f  t h e  a n n e a l i n g  o f  damage.  F i g u r e  2 .1  shows t h e i r  c u r v e s  
o b t a i n e d  from t h e  s e c o n d a r y  e l e c t r o n  e m i s s i o n  y i e l d  of (110) germanium 
bombarded w i t h  40 keV germanium i o n s .  The dose  r a t e s  a r e  shown on the  
f i g u r e .  I t  can be s e e n  t h a t  no  dose  r a t e  depe ndenc e  was o b t a i n e d  below 
and above  t h e  t r a n s i t i o n  t e m p e r a t u r e .  A do s e  r a t e  change by a f a c t o r  of  
t e n  caused  t h e  t r a n s i t i o n  t e m p e r a t u r e  to  change by a bou t  40°C. An a c t i v a t i o i  
e ne rgy  f o r  d e f e c t  a n n e a l i n g  o f  1 .44 eV was o b t a i n e d  from t h e s e  r e s u l t s .
Anderson  (1967) measured  t h e  s p u t t e r i n g  y i e l d  of  germanium ( 100 ) ,  
(110) and (111)  s i n g l e  c r y s t a l s  as  a f u n c t i o n  o f  t a r g e t  t e m p e r a t u r e .  Rare 
gas i o n  beams o f  d i f f e r e n t  c u r r e n t  d e n s i t i e s  were u s e d .  Abrup t  cha nges  i n
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the yield were observed at the transition temperature. In this case, 
however, the yields of (110) and (100) surfaces increased while that of 
the (111) surface did not change . The transition temperature increased 
with increase in bombarding ion energy and ion current density.
Anderson and Wehner (1964) investigated the annealing of induced 
disorder in single crystals of germanium, silicon, indium antimonide 
and indium arsenide by means of the ejection patterns from these 
substances. Table 2.2 lists the relative activation energies obtained 
in their work .
Table 2.2
Relative activation Energies for Defect Annealing 
(after Anderson et al, 1964)
Target +Ne +Ar Kr Xe
Ge A 1.1A 1.15A 1.2A
Si 1.25A 1.4A - -
InSb 0.64A 0.7A 0.7A 0.7A
InAs 0.67A 0.73A 0.73A 0.77A
Thus the activation energy increased only slowly with ion mass for 
germanium and silicon. Furthermore, for each ion the activation 
energy is seen to depend on the target.
The sputtered atom ejection patterns of gallium arsenide 
bombarded with 8-16 keV Ar were used by Farren and Scaife (1968) to 
measure the transition temperature of this substance which they found 
to be 125 ± 5°C. No dependence on energy or crystal orientation was 
reported. The yield was, however, decreased by a factor of about
s/
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Fig. 2,2? The sputtering yield versus temperature for (111)
Ga As bombarded by 16 keV Ar+ (after Farren and Scaife, 1968).
two at the transition temperature. This is shown in figure 2.2.
It can be seen that the effect is the same as that shown in figure 2.1. 
A pronounced dependence of the transition temperature on the bombarded 
surface of germanium was obtain-ed by MacDonald (1970a). Zwangobani 
and MacDonald (1970, 1971) further found that Ta depended not only on 
the orientation of the target but also on the ion energy and mass, and 
on the dose rate. The results of these studies are presented in 
chapter six.
The survey above shows then, although occasionally results 
by different authors do not agree, a clear picture of the factors 
important in radiation damage work is emerging. Thus the rate of
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i n t r o d u c t i o n  of  damage has b e e n  d e m o n s t r a t e d  t o  depend on dose  r a t e ,  
i o n  e n e r g y ,  c r y s t a l  o r i e n t a t i o n ,  t o  a l e s s  p ronounced  e x t e n t ,  i o n  mass ,  
w h i l e  t h e  r a t e  o f  a n n e a l i n g  i s  o b v i o u s l y  s t r o n g l y  t e m p e r a t u r e  
d e p e n d e n t .
2 .5  ION PENETRATION AND DISTRIBUTIONS
d i s t r i b u t i o n s  of i n j e c t e d  i o n s  and damage.  The d i s c u s s i o n s  w i l l  of  
n e c e s s i t y  be b r i e f  . More c om prehens ive  r e v i e w s  a r e  found i n  C a r t e r  
and C o l l i g o n  ( 1 968 ) ,  and i n  an a r t i c l e  by Gibbons ( 1 968 ) ,  w h i l e  an
i n f o r m a t i v e  r e v i e w  on i o n  i m p l a n t a t i o n  i n  s e m i c o n d u c t o r s  was g i v e n
/
by Mayer and Marsh (1969) .
The f i r s t  d e t a i l e d  a n a l y s i s  of  t h e  e l a s t i c  n u c l e a r  s t o p p i n g  
o f  e n e r g e t i c  p r o j e c t i l e  a toms was p u b l i s h e d  by Bohr (1948) who 
d e s c r i b e d  t h e  i n t e r a c t i o n  w i t h  an  e x p o n e n t i a l l y  s c r e e n e d  Coulomb 
p o t e n t i a l  of  t h e  form
where r  i s  t h e  d i s t a n c e  between the  i n t e r a c t i n g  p a r t i c l e s  and a i s  t h e
D
Bohr s c r e e n i n g  r a d i u s .  N i e l s e n  (1956) s u b s t i t u t e d  an i n v e r s e  power 
p o t e n t i a l  i n  ( 2 . 1 ) ,  i . e .
Th i s  s e c t i o n  w i l l  r e v i e w  i o n  p e n e t r a t i o n  r e l a t i o n s ,  and
2
( 2 . 1 )
V ( r ) ( 2 . 2 )
and o b t a i n e d  t h e  r a n g e - e n e r g y  r e l a t i o n
0.5
E ( 2 .3 )
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Lindhard et al (1963) assumed a potential of the form
V (r) Z lZ2e (2.4 a)
where 0 is the Fermi function for a neutral Thomas-Fermi atom and a is o
the atomic screening radius given by
a
0.8853
0.5 (2.4b)
where a^ = 0.53 A. Individual parameters wTere eliminated in the treat­
ment by using two dimensionless measures of energy and range
e * 2
zi V 2(mi  + “2)
E
4iTa^  NM-^ M0
(Mi+ m2)2
R
(2.5)
(2.6)
where N is the atomic density of the target and R is the range. Both 
electronic and nuclear stopping were considered under the assumption that 
the two processes acted independently. The stopping power was then the 
sum of two independent stopping terms
(2.7)
where n stands for nuclear and e for electronic stopping. Electronic 
stopping was considered proportional to ion velocity in cases where that 
velocity was less than ^ 2^ 3) /h . Other range quantities such as 
projected range, straggling etc., can be calculated using the Lindhard
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treatment. The differential cross-section is given in an approximate 
f orm as
da = TTa2 2t3/.; f(tC-5) (2.8a)
e 2twhere t = T is the transferred energy and T is the maximum valueT m
of this quantity,
T = m
4M M E
(mi + “2}2
(2.8b)
and f (t */ is a function that was tabulated by Lindhard et al. A power 
approximation of this function was given as
f(t°'5) = U (0'5- >  (2.9)m
where for m = ^3, and 0.5 and 1 the corresponding values of X^ are 
1.309, 0.327, and 0.5 respectively. Equation (2.9) describes approximately 
the scattering from a power potential of the type
V(r) « r'^m (2.10)
The Lindhard theory is appropriate for amorphous or polycrystalline 
targets. When the target is a single crystal it has been found that the 
range is increased considerably if the beam is directed parallel to a low 
index crystal direction. Such penetration occurs through the channelling 
mechanism discovered in computer simulations of Robinson (1963), Beeler 
(1963a) and their colleagues, and demonstrated in the experiments of 
Piercy et al (1963), Lutz and Sizmann (1963). The work of these authors 
showed that if a beam was incident parallel to a low index direction 
those ions which moved between rows or nearly parallel to them suffered 
only large impact parameter collisions. The ions were then constrained
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by i n t e r a t o m i c  f o r c e s  in  the  c h a n n e l .  S inc e  t h e  e n e rg y  l o s s  p e r  
c o l l i s i o n  i s  s m a l l  such atoms a r e  a b l e  t o  p e n e t r a t e  long  d i s t a n c e s  
down th e  c h a n n e l .  The m otion  r e s u l t i n g  was termed  c h a n n e l l i n g ,  t h e  
f i r s t  a n a l y t i c a l  t r e a t m e n t  o f  which was c a r r i e d  o u t  by Lehmann and 
L e i b f r i e d  (1963) who used  t h e  im p u l s e  a p p r o x i m a t io n  method w i t h  Bohr 
and Born-Mayer  p o t e n t i a l s .  Ne lson  and Thompson (1963a) used  a s q u a r e  
w e l l  p o t e n t i a l  f o r  l i g h t  i o n s  and ha rm onic  one f o r  h e a v i e r  o n e s .  
L indha rd  (1965)  took  t h e  v iew t h a t  t h e  p o t e n t i a l  o f  atoms i n  a row 
co u ld  be smeared  o u t  i n t o  a s t r i n g  p o t e n t i a l  g i v e n  by
V ( r ) V(z
2
+ r 2) ° ’5 ( 2 . 11 )
where d i s  t h e  d i s t a n c e  be tw een  atoms i n  a s t r i n g ,  and r  i s  t h e  d i s t a n c e  
to  the  s t r i n g .  Accord in g  to  L in d h a rd  (1965) an i o n  beam i n c i d e n t  a lm o s t  
p a r a l l e l  to  a low in d e x  d i r e c t i o n  w i l l  be d i v i d e d  i n s i d e  the  c r y s t a l  
i n t o  c h a n n e l l e d  and n o n - c h a n n e l l e d  i o n s  a s  d i s c u s s e d  i n  c h a p t e r  one .
Curves g i v i n g  th e  d i s t r i b u t i o n  o f  s to p p e d  i o n s  i n  an amorphous
t a r g e t  can  be drawn u s i n g  r a n g e  q u a n t i t i e s  f rom L i n d h a r d  e t  a l  (1963)  .
The q u a n t i t i e s  needed  a r e  p , t h e  d i s t a n c e  o f  p e n e t r a t i o n  from t h e
—  2s u r f a c e  p , t h e  mean p r o j e c t e d  r a n g e  and < (Ap) >, t h e  mean s t r a g g l i n g  
o f  t h e  p r o j e c t e d  r a n g e .  The c o n c e n t r a t i o n ,  of  s to p p e d  i o n s  i s  g iv e n  
by the  normal  G a u s s i a n  d i s t r i b u t i o n  (Evans,  1955)  as
— 2 0 5
< (Ap)Z > ( 2 tt) U
exp (-(% - y 2
\ 2 < (Ap)2 >
( 2 . 12 )
-3where N i s  the  c o n c e n t r a t i o n  of  s to p p e d  i o n s  cm , C i s  the  f l u e n c e  of  
bom barding  i o n s  and < (Ap)^ > = ^p ^ p ^  .
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The problem of interest in radiation damage work is whether the 
distribution of damage corresponds to the distribution of stopped ions. 
Sigmund and Sanders (1967) calculated, for elastic slowing down, the 
distributions of ion induced damage in an infinite medium. The authors 
took into account damage from recoils. Spatial averages over this 
distribution up to third order were obtained by using the cross sections 
of Lindhard et al (1963), that is
do = CE"mT”1_mdT (2.12)
where C is a constant and 0 < M < 1. The calculations include hard 
sphere scattering. These cross sections were used to solve the relevant 
integral equations. The distribution of induced damage was found to 
agree approximately with that for ion ranges when ^ ^2 * For 
M >  the depth of average damage was shallower than the range. The 
results obtained using the Lindhard cross sections did not agree quali­
tatively or quantitatively with the ones calculated by assuming hard 
sphere scattering. Good agreement was obtained with experimental results 
from ion-bombarded semiconductors at ion energies in the low to medium 
keV region. It should be pointed out that these calculations give the 
distribution of primordial damage, that is the damage before any 
annealing had occurred.
2.6 MODELS OF ANNEALING PROCESSES
In radiation damage studies annealing is detected by some 
specific change in the physical property monitored. The physical 
property should change during bombardment when an insitu technique 
is employed. Generally chemical rate equations are used to analyse 
the recovery. It is assumed that each defect requires an energy, 0, 
the activation energy, to undergo some reaction leading to its
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a n n i h i l a t i o n .  The f r a c t i o n  of d e f e c t s  p o s s e s s i n g  such e n e rg y  i s  g i v e n  
by t h e  Bol tzman f a c t o r  exp (-  where T i s  t h e  c r y s t a l  t e m p e r a t u r e .
For  a g i v e n  c r y s t a l  and i o n  s p e c i e s  a t  c o n s t a n t  e n e r g y  th e  r a t e  of  
c r e a t i o n  of  d e f e c t s  i s  p r o p o r t i o n a l  to  t h e  dose r a t e .  When th e  c u r r e n t  
d e n s i t y ,  I ,  i s  k e p t  c o n s t a n t  and t h e  t a r g e t  t e m p e r a t u r e  i s  v a r i e d  
d e f e c t  removal  and p r o d u c t i o n  assume t h e  r o l e  o f  two com pe t ing  p r o c e s s e s .
As t h e  t a r g e t  t e m p e r a t u r e  i s  i n c r e a s e d  a p o i n t  s h o u ld  be r e a c h e d  where 
the  r a t e  of d e f e c t  p r o d u c t i o n  i s  e q u a l l e d  by t h e  r a t e  o f  a n n e a l i n g .
On th e  b a s i s  of such  an a s s u m p t io n  A nderson  and Wehner (1967) d e r i v e d  
t h e  e x p r e s s i o n
NV exp = 6 x 1C|15 13(E) (2 .1 3 )
where t h e  f u n c t i o n  on th e  l e f t  g i v e s  t h e  a n n e a l i n g  r a t e ,  and t h a t  on the  
r i g h t  g i v e s  the  r a t e  of  p r o d u c t i o n  o f  damage.  I n  e q u a t i o n  (2 .13 )  N i s  
t h e  s u r f a c e  c o n c e n t r a t i o n  of  d e f e c t s ,  V i s  t h e  a tom ic  o s c i l l a t i o n  
f r e q u e n c y  and 3(E) i s  the  number of  d e f e c t s  p roduced  by an io n  o f  e n e r g y ,  E. 
Thus t h e  r e l a t i o n s h i p  be tw een  I  and T i s  of  t h e  form
l n  I  ~  £  . ( 2 .1 4 )
a
E q u a t i o n  ( 2 .1 3 )  can  be used t o  o b t a i n  r e l a t i o n s  be tw een  t h e  t r a n s i t i o n  
t e m p e r a t u r e ,  T , and the  i o n  e n e rg y  E.  In  p a r t i c u l a r  i f  a beam i s
cl
used  a t  s e v e r a l  c u r r e n t  d e n s i t i e s ,  and T^ d e t e r m i n e d  f o r  e ach  t h e  s lo p e  
of t h e  g r a p h  of l n l  a g a i n s t  t h e  r e c i p r o c a l  of  T g i v e s  t h e  a c t i v a t i o n  
e n e r g y .  A l t e r n a t i v e l y ,  f o r  e q u a l  f l u e n c e s  f rom beam c u r r e n t  d e n s i t i e s  
1^ and I  e q u a t i o n  (2 .13 )  c a n  be r ed u c e d  to
I n (2 .15 )
which  i s  a t y p i c a l  a n n e a l i n g  e q u a t i o n  (Damask and D i e n e s ,  1963) . T^ and 
T^ a r e  t h e  v a l u e s  o f  T^ c o r r e s p o n d i n g  to  and 1^ r e s p e c t i v e l y .
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Vook and Stein (1969) took into account the possibility that 
the effective damage rate would be reduced for an ion impinging on a
damaged area. This was taken into account by a factor (1 - where
n(t) is the defect concentration at time t, and nQ is the atomic density 
of the crystal. The rate of defect production and annealing at T°K were 
compared by the equation
= RNq (l - - Kf(n) (2.16a)
where Nq is the number of displaced atoms per cluster, R is the dose rate, 
Kf(n) is the annealing function (Dienes and Vineyard, 1957) with
K = K exp o (2.16b)
and f (n) = n* (2.16c)
Kq is a constant, and # gives the order of the reaction. At the transition 
temperature — = 0 and the threshold dose rate, R^, was defined for 
n(t) = nQ/2. Vook and Stein, using approximations, derived an expression 
for the half-time of isothermal annealing, T. Values of T and 0 obtained 
from equation (2.16a) were in reasonable agreement with those obtained 
by other methods.
Holmeen and Högberg (1972) expanded (2.16a) to include the 
effects of sputtering, and disaggregation of defect clusters by ions.
The latter process accounts for radiation annealing processes which 
was envisioned by the authors as occurring in two stages. In the first 
stage the stable defect clusters are disaggregated by the ions to more 
simple defects which then undergo thermal annealing in the second stage.
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Holmen et al obtained the equation
dn(t) RNo^l(n ’ ni) Kf2 (n) RNcf3 (n * n l) RNsf4(n> nl) + RNEf5(n ’ nl)
(2.17a)
where f^Cn) = n^, n£ (t) is the cluster density, is the number of primary 
defects per cluster, Ng is the number of defects removed by each ion 
through the sputtering process, N is the number of defects per ion when 
a cluster is disaggregated. The function f ^ n ,  accounts for the
decrease in the number of defects created by the ion as the defect density 
increases, while f ^ n ,  nq) ’ ^4 (n * nl) anc* ^5 (n > nl) taRe *-nt0 account the 
reduction in N , N and N respectively with increase in n and n 1 . All 
other symbols have the same meaning as those in equation (2.16a-c). Again
at the transition temperature (— ) = 0 and (2.17a) becomes
K f9(n) o l fl(n, n j  + N£f5^n, n j  N sf4(n » ni) “ Ncf 3 (n »n l) 
1000
exp '-0 AkTa /
On plotting InR against
(2.17b)
a straight line graph was obtained. The
authors then concluded that the functions f (x = 1 - 5) must be practically 
independent of temperature, and therefore
ln R k * T (2.17c)
which is (2.14) with I replaced by R.
Two annealing mechanism were considered by Abroyan and his 
colleagues (1969). On assuming that the smoothing of irregularities in 
the ion-electron emission yield curve was due to annealing of bombardment 
induced structureal defects they obtained the equation
N I 
o exp I - 0 f (n) +
N I s (2.18)
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where a g a i n  common d e s i g n a t i o n s  have  been u s e d ;  e i s  t h e  e l e c t r o n i c  
c h a r g e ,  C i s  a c o n s t a n t  and T i s  t h e  t e m p e r a t u r e  a t  which  the  i o n -
O iC
e l e c t r o n  e m i s s i o n  y i e l d  cu rve  b e g i n s  to  smooth o u t  (T^ i s  d i f f e r e n t  from 
T a s  p o i n t e d  ou t  a b o v e ) . However on assuming t h a t  a n n e a l i n g  o c c u r r e d
Si
m a in ly  t h ro u g h  t h e  d i f f u s i o n  of  d e f e c t s  t o  t h e  s u r f a c e  e q u a t i o n  (2 .19 )  
was o b t a i n e d ,  i . e .
N I  o -D exp o r ( '  k ? J  ( d x )
N I  s (2 .1 9 )
where  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  and o i s  t h e  g r a d i e n t  o f  d e f e c t  
c o n c e n t r a t i o n .  Both e q u a t i o n s  ( 2 .1 8 )  and (2 .1 9 )  g iv e  a l i n e a r  r e l a t i o n ­
s h ip  be tw een  l n l  and t h e  r e c i p t r o c a l  o f  a s  i n  ( 2 . 1 4 )  a b o v e .
A d i f f e r e n t  a p p ro a c h  was a dop te d  by K in c h in  and Pease  ( 1 9 5 5 ) ,  
who gave a model  a p p l i c a b l e  f o r  t h e  a n n e a l i n g  o f  i s o l a t e d  damage r e g i o n s  
w i th  an a s s u m p t i o n  t h a t  i n t e r s t i t i a l s  d i f f u s e d  f o r  d i s t a n c e s  s m a l l  
compared to  t h e  s e p a r a t i o n  of  t h e  damage z o n e s .  T h i s  p r e c l u d e d  i n t e r ­
a c t i o n  of  t h e  g r oups  d u r i n g  t h e  a n n e a l i n g  p r o c e s s .  The r e c o v e r y  was 
d e s c r i b e d  by t h e  e q u a t i o n
dn ( t ) 
d t ( 2 . 20)
where C i s  a c o n s t a n t .  Then i f  dx d i s p l a c e d  atoms a r e  produced
i n s t a n t a n e o u s l y  by t h e  i r r a d i a t i o n  dxF(T,  t )  of  t h e s e  atoms r e m a in
a f t e r  a t im e  t  a t  t h e  t e m p e r a t u r e  T.  The f u n c t i o n  F(T,  t )  d e s c r i b e s
t h e  a n n e a l i n g  and i s  i n d e p e n d e n t  of x .  The r a t e  o f  g e n e r a t i o n  of
dxNd i s p l a c e d  atoms i s  
a t im e  t  i s
, and t h e  number o f  t h e s e  atoms r e m a in i n g  a f t e r
F ( T , t  -  t ’ ) d t ' ( 2 . 21)
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F(T,  t )  i s  o b t a i n e d  from (2 .1 6 )  i n  an a n a l y t i c a l  form as
1
F(T,  t )  = 1 + C ' t  1_X (2 .22 )
where  C' i s  a c o n s t a n t .  For  # >  2 e q u a t i o n  ( 2 .1 7 )  i s  s o l v e d  to  g i v e
n ( t )  « (2 .2 3 )
where  y = j- . T h i s  e q u a t i o n  i n d i c a t e s  t h a t  f o r  l a r g e  8 t h e  damage i s  
a p p r o x i m a t e l y  p r o p o r t i o n a l  to  dx and t h a t  t h e  a p p a r e n t  r a t e  o f  c r e a t i o n
of  damage i s  r ed u c e d  by th e  f a c t o r  1_
C exp
1
# - l  .
D ie ne s  and Damask (1958)  d e v e lo p e d  a model  i n  which th e y
c o n s i d e r e d  t h r e e  c a s e s  of  r e c o v e r y  v i a  r a d i a t i o n  enhanced  d i f f u s i o n .
The t h r e e  c a s e s  a r e  as  f o l l o w s .
( i )  M i g r a t i o n  o f  d e f e c t s  to  s i n k s  such  a s  i n t e r n a l  and e x t e r n a l  
s u r f a c e s  and d i s l o c a t i o n s .  The enhancement  c o e f f i c i e n t  was 
found to  be p r o p o r t i o n a l  to  t h e  r a d i a t i o n  f l u x .
( i i )  D i r e c t  r e c o m b i n a t i o n :  t h i s  mechanism was assumed to  o b t a i n
when v a c a n c i e s  and i n t e r s t i t i a l s  were  g e n e r a t e d  i n  e q u a l  numbers .  
The enhancement  i n  t h i s  c a se  was p r o p o r t i o n a l  t o  t h e  s q u a re  
r o o t  of  t h e  f l u x .
( i i i )  M i g r a t i o n  p l u s  d i r e c t  r e c o m b i n a t i o n .  T h i s  o c c u r r e d  f o r  h i g h
d e f e c t  c o n c e n t r a t i o n s ,  a g a i n  a s q u a r e  r o o t  dependence  was o b t a i n e d .
2 .7  CONCLUSION
From th e  b r i e f  r e v i e w  above i t  can  be s e e n  t h a t  t h e  damage 
induced  by e n e r g e t i c  i o n s  i n  s o l i d s ,  and i n  s e m i c o n d u c t o r s  i n  p a r t i c u l a r ,  
depends  no t  o n l y  on i o n  e n e rg y  b u t  a l s o  on a number o f  o t h e r  v a r i a b l e s .
85
The t r a n s i t i o n  t e m p e r a t u r e  has  emerged as  an i m p o r t a n t  f a c t o r  i n  damage 
s t u d i e s  i n  s e m i c o n d u c t o r s .  The a n n e a l i n g  model s  d e v e lo p e d  by w o rk e rs  
em ploy ing  dynamic t e c h n i q u e s  a l l  a r r i v e  a t  t h e  same r e l a t i o n s h i p  be tw een  
t h e  r a t e s  o f  a n n e a l i n g  and p r o d u c t i o n  o f  damage a t  t h e  t r a n s i t i o n  
t e m p e r a t u r e .  F i n a l l y ,  i t  i s  c l e a r  t h a t  when s t a t i n g  t h e  e x p e r i m e n t a l  
r e s u l t s  of  r a d i a t i o n  damage s t u d i e s  i t  i s  n e c e s s a r y  t o  s p e c i f y  n o t  
on ly  i o n  e n e rg y  and mass,  t a r g e t  o r i e n t a t i o n  and t e m p e r a t u r e ,  b u t  a l s o  
t h e  dose  r a t e  .
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CHAPTER 3
APPARATUS AND EXPERIMENTAL TECHNIQUES
3.1 INTRODUCTION
This chapter presents the apparatus and the experimental 
techniques employed in the collection of the sputtered atom ejection 
patterns including investigation of the annealing of damage, and in the 
measurement of relative yields as a function of the angle of incidence 
of the beam. Equipment and techniques used in the former is totally 
different from that used in the latter part of the work. Therefore the 
two experimental systems are described separately, that used for 
ejection patterns being described first.
3.2 APPARATUS AND EXPERIMENTAL TECHNIQUES 
FOR EJECTION PATTERN WORK
3.2.1 Introduction
The experiments were designed to achieve two aims:
(i) Collection of sputtered atom ejection patterns of germanium,
silicon and indium antimonide single crystal targets bombarded 
with relatively high current density 5 - 1 5  keV neon, argon and 
krypton ion beams;
(ii) Employing ejection patterns for detecting the variation of the 
amorphous to crystalline transition temperatures with variation 
of the ion current density, energy and mass, target temperature 
and orientation.
For satisfactory results to be obtained from the experiments 
the following requirements had to be met:
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(i) That the ion source be capable of producing stable ion beams of 
low energy spread;
(ii) That the ion beam be well collimated and incident onto the 
target along a predetermined angle;
(iii) That the target is mounted along a predetermined orientation 
with respect to the ion beam, is well insulated and readily 
accessible;
(iv) That there is provision for heating the target, with rapid and 
accurate measurement of the target temperature;
(v) The collector should be readily accessible; and
(vi) Low background gas pressure.
The experimental arrangement, shown in Fig. 3.1, consists of 
the ion source assembly, target chamber, and the associated electronics.
3.2.2 Vacuum System
The system was mounted vertically and pumped by an Edwards 
6 inch oil-vapour diffusion pump (630 litres per second) backed by an 
oil rotary vacuum pump. The working fluid in the pump was Santovac oil, 
which was selected mainly for its resistance to breakdown under the 
influence of an ion beam. A Chevron baffle (Freon cooled) trapped 
almost all of any oil backstreaming. A Veeco ionization gauge showed 
the pressure in the working chamber, while the backing pressure was 
obtained from a Veeco thermocouple gauge. These arrangements are shown 
in Fig. 3.2.
Background gas pressure was typically about 6 X 1 0 ^  Torr 
when the ion source was not running. A mass spectrometric sampling 
showed the pressure to be mainly due to water vapour and nitrogen, with 
a negligible fraction due to backstreaming oil vapour. When the ion
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source was running the pressure rose to 1 - 2 X 1 0  Torr, and this 
rise was entirely due to the gas being fed into the ion source.
3.2.3 Ion Source and Ion Beams
The beam of ions was furnished by an ORTEC model 350 
Duoplasmatron ion source. This ion source is now well known and has 
been widely studied (Moak and colleagues [1959]; Kelley and colleagues 
[1961]; Kistemaker [1961]; Wroe [1967]) thus obviating the need to 
describe it in detail.
Briefly, the ion source consists of a platinum gauze filament 
coated with emission coating ((Ba Sr) CO^), ferromagnetic intermediate 
electrode, ferromagnetic anode carrying a tungsten 'button1, magnet 
coil and a beam extraction region with Pierce geometry (Pierce [1954]), 
plus a liquid (freon) cooling arrangement.
Among the advantages offered by the Duoplasmatron ion source 
are high gas efficiency, a large percentage of singly charged ions, 
rapid pumping, small and compact size, and it is easy to dismantle. In 
addition it can be mounted vertically or horizontally.
3.2.4 Operation of Ion Source
Rare gas neon, argon and krypton (Matheson Research Grade)
was bled into the ion source through a needle valve. The background
_  ^
gas pressure in the ion source was normally about 1 X 1 0  Torr. The
-2pressure in the arc chamber was of the order of 10 Torr when the arc 
was on. The filament drew about 20 amps to strike the arc, and could 
be switched off once the arc had struck. 1 to 2 amps, at 40 to 80 
volts were normally supplied to the arc, the voltage depending on the 
gas pressure and filament age. In normal operation the rate of gas
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flow to the arc chamber is adjusted so that the required beam current 
is obtaining at low arc voltage, and thus retarding the formation of 
multiply charged ions. The current for the magnet coil varied from 
0 to 1 amp.
Among the factors affecting the performance of the ion source 
are gas pressure, state of the emission coating on the filament, 
history of the platinum gauze and the condition of the various elec­
trodes in the ion source. This meant that given settings of the power 
supplies will quite often not produce the same ion current. Hence 
reproducibility was low. The current obtained at the target, after
collimation, could be as high as 200 pA for a beam of diameter 2 mm,
-2giving a current density of 6.7 mA cm . The settings for a high 
current operation might be as follows:
Arc 50 volts 1.7 amps
Filament 15 amps
Magnet 0.7 amps
Einzel Lens 3 kV
Extraction 15 kV
Gas Pressure 1.6 X 10"5 Torr (in target chamber)
Beam Current 160 pamps, +A .
Figure 3.1 shows the biasing and power supply arrangements. The ion 
beams were focused by means of an ORTEC Einzel lens, collimated to a 
divergence less than 1°, and then impinged on the target from a 
direction parallel to target normal.
3.2.5 Target Mounting and Temperature Control
The crystal targets were mounted on a thin stainless steel 
plate which screwed onto a ceramic furnace chamber. A similar but
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thicker plate carrying a molybdenum heater was screwed in from the 
other end of the chamber. The chamber was about 2.5 cm long, 0.6 cm 
thick and 1.8 cm internal diameter. Rapid heating of the crystal was 
ensured by bringing the heater close to the top plate. The major dis­
advantage of this arrangement was that the ceramic chamber tended to 
crack, making it necessary to change the chamber every so often.
The target was held down securely onto the stainless steel 
plate by means of a stainless steel guard ring which was fixed to the 
plate by three 8 BA stainless steel screws. The guard ring also served 
the dual purpose of carrying the ion beam current lead and pressing the 
chromel-alumel thermocouple junction onto the bombarded surface of the 
target.
Two methods of mounting the thermocouple were examined. One 
was inserting the thermocouple junction under the crystal, while the 
other was pressing the junction on the top of the crystal. Inserting 
the junction under the target was easier, and gave a quicker response 
to heating. However, the temperature of the top surface was lower by 
as much as 30 °C in some cases. The temperatures of the two surfaces 
were compared by inserting one thermocouple underneath a 1.0 mm thick 
crystal and the other on top of it. The thermocouples had been 
previously standardized. Table 3.1 shows a typical set of results 
obtained.
Fairly rapid thermal responses are obtained even with the
thermocouple on top. For example at 340 °C ± 3 °C the thermal cycling
period was, in a set of measurements, 18.7 seconds. The crystal rose
from 337 °C to 343 °C in 9 seconds, and cooled from 343 °C back to 
o337 C in 9.7 seconds. To achieve such control the heater current had 
to be carefully adjusted. Too large a current, while causing a swifter 
temperature rise will also tend to cause a large overshoot, and with a
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TABLE 3.1
C o m p a r i s o n  o f  t h e  T e m p e r a t u r e  Above and Below t h e  C r y s t a l
T h e r m o c o u p le P o s i t i o n
D i f f e r e n c e
°c
Bot tom
°c
Top
°C
7 08 678 30
500 477 23
370 345 25
142 120 22
119 93 26
low c u r r e n t  one  o b t a i n e d  l a r g e  e x c u r s i o n s  on t h e  low t e m p e r a t u r e  s i d e  
o f  t h e  s e t  t e m p e r a t u r e .
The s t a t e d  d e g r e e  o f  t e m p e r a t u r e  c o n t r o l  was made p o s s i b l e  
t h r o u g h  t h e  u s e  o f  a 5" t w o - s t e p  C am b r id g e  I n s t r u m e n t  Company t e m p e r a ­
t u r e  c o n t r o l l e r  w i t h  an  i n t e g r a l  r e l a y  r a t e d  15 amps maximum. I n  
p a r a l l e l  w i t h  t h e  c o n t r o l l e r  was a  m i l l i v o l t  p o t e n t i o m e t e r  w h i c h  was 
u s e d  f o r  a b s o l u t e  t e m p e r a t u r e  m e a s u r e m e n t s .  T h e s e  d e t a i l s  a r e  shown i n  
F i g .  3 . 1 .
3 . 2 . 6  C r y s t a l  P r e p a r a t i o n
S l i c e s  o f  c r y s t a l s ,  o f  s i z e  a b o u t  1 mm t h i c k  f o r  Ge and Si
and 3 mm f o r  I n S b ,  w e r e  p o l i s h e d  t o  a n  o p t i c a l  f i n i s h  w i t h  0 . 0 5  p
a l u m i n a ,  and t h e n  e t c h e d  i n  CP-4 t o  remove damage f r om  p o l i s h i n g .  The
o
c r y s t a l s  w e r e  o r i e n t e d  t o  w i t h i n  ± 1 o f  t h e  d e s i r e d  o r i e n t a t i o n  by 
means  o f  t h e  Laue b a c k - r e f l e c t i o n  t e c h n i q u e .  Fo r  t h e  p u r p o s e  o f  i d e n t ­
i f y i n g  t h e  d i r e c t i o n  o f  e m i s s i o n  d u r i n g  bombardment  t h e  c r y s t a l  was 
f i r s t  m ou nted  on t h e  c e r a m i c  chambe r  and t h e n  o r i e n t e d  on t h e  X - r a y  
c a m e r a .  The d e s i r e d  o r i e n t a t i o n s  w e r e  o b t a i n e d  and marked  on t h e
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chamber holder, and these could then be related to the directions of 
emission on the ejection pattern.
3.2.7 Ejection Pattern Collection
The back-sputtered particles were collected on flat silica 
glass plates (25 X 1 mm) held above and parallel to the crystal surface. 
As has been pointed out by others (Schulz and Sizmann [1968]; Robinson 
and Southern [1967]), this arrangement results in some distortion of 
the true intensity distribution. However, it was the best available on 
account of the lack of suitable materials with which to make cylind­
rical or hemispherical collectors that can take the high temperatures 
reached in this work and can be flattened for photographing.
The plates were cut with an ultrasonic drill from ordinary 
rectangular, optical microscope slides. The circular tool used simul­
taneously drilled a 3 mm diameter hole in the plate for beam passage. 
After being washed in acetone, and dried, the plates were then inserted 
into a holder which fitted above the target. The location was such 
that the holder went in only one way. A provision for orienting the 
glass plates was another feature of the holder. These arrangements 
enabled the angular distribution of material on the plate to be related 
specifically to directions of emission from the crystal once the crys­
tal itself had been oriented using the Laue back-reflection technique. 
Furthermore, the distance of the plate from the target was variable 
though normally kept within 7-8 mm above the target.
3.2.8 Effect of Pressure on Collection
Included among the many variables that are known to affect 
the sputtering yield is the residual background pressure of the vacuum 
chamber. In the work reported here the background pressure was
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i m p o r t a n t  n o t  o n l y  i n  d e t e r m i n i n g  t h e  t r u e  v a l u e  o f  t h e  s p u t t e r i n g  
y i e l d  b u t  a l s o  i n  e n s u r i n g  t h a t  t h e  d i s t r i b u t i o n  o f  t h e  s p u t t e r e d  a toms  
t h a t  c o n d e n s e d  t o  form t h e  e j e c t i o n  p a t t e r n  had n o t  b e e n  i n f l u e n c e d  by 
c o l l i s i o n s  w i t h  g a s  a t o m s .  A number o f  i n v e s t i g a t o r s  (Wehner [ 1 9 5 9 ] ;  
Y o n t s  and H a r r i s o n  [ I 9 6 0 ] ) ,  h a v e  c o n c l u d e d  t h a t ,  u n t i l  t h e  mean f r e e  
p a t h  o f  t h e  r e s i d u a l  g a s  i s  g r e a t e r  t h a n  t h e  chamber  d i m e n s i o n s ,  t h e  
s p u t t e r i n g  r a t i o  w i l l  be  s e n s i t i v e  t o  p r e s s u r e .  The s i g n i f i c a n c e  o f  
t h e  ab o v e  f o r  e j e c t i o n  p a t t e r n  work  i s  t h a t  t h e  mean f r e e  p a t h  o f  t h e  
s p u t t e r e d  a t om s  s h o u l d  be  much g r e a t e r  t h a n  t h e  t a r g e t  t o  c o l l e c t o r  
d i s t a n c e ,  i . e .
A »  L
w h e r e  L i s  t h e  t a r g e t  t o  c o l l e c t o r  d i s t a n c e  and A i s  t h e  mean f r e e  p a t h  
o f  t h e  s p u t t e r e d  a t om s  w h i c h  i s  a s sum ed  t o  be  e q u a l  t o  t h e  mean f r e e  
p a t h  o f  t h e  r e s i d u a l  gas  a t o m s .
A i s  g i v e n  by t h e  e x p r e s s i o n
A 1TT cr n ( 3 . 1 )
w h e r e  cr i s  t h e  c r o s s  s e c t i o n  f o r  c o l l i s i o n  and n,  t h e  number  d e n s i t y  o f  
g a s  a t om s  i s  o b t a i n e d  f rom t h e  p r e s s u r e  t h r o u g h  t h e  e x p r e s s i o n
P = nKT ( 3 . 2 )
2
w h e r e  P i s  t h e  p r e s s u r e  i n  Newtons  p e r  m ;
K i s  t h e  B o l tz m a n n  c o n s t a n t  i n  J o u l e s / ° K  
and  T i s  t h e  a b s o l u t e  t e m p e r a t u r e .
Fo r  P = 6 X 10 and T = 473 °K; A,  t h e  mean f r e e  p a t h ,  i s  a b o u t  10^ 
cm w h i c h  i s  much l a r g e r  t h a n  L and t h e  d i m e n s i o n s  o f  t h e  c h a m b e r .  Thus  
t h e  e f f e c t  o f  r e s i d u a l  p r e s s u r e  on t h e  d i s t r i b u t i o n  o f  a to m s  c o n d e n s i n g  
on t h e  c o l l e c t o r  p l a t e  c a n  be  n e g l e c t e d .
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In addition, the rate of arrival of reactive gases on the 
bombarded area should be much less than the ion current density. For 
thermal energies the rate of arrival of molecules, V, at a surface is 
given by
V = —  P molecules cm *” sec  ^ (3.3)
(MT)2
where M is the molecular weight,
T is the absolute temperature 
and P is the pressure in Torr (Dushman [1955]).
For P = 6 X 10 Torr, M = 18 (water vapour) and T = 473 °K.
14 -2 -1V = 2.3 X 10 molecules cm sec
15 -2 -1Comparing this value with 2 X 1 0  ions cm sec the rate of arrival 
of ions is about 10 X that of residual gas molecules. This ratio would 
not be sufficient for sputtering yield studies (see paragraph 3.3.3) 
but is quite adequate for this sort of work.
3.2.9 Experimental Procedure
Before each experiment the target was first heated to 650 °C 
if Ge, 720 °C if Si, and 400 °C if InSb to remove any residual damage, 
after which it was cooled to the desired temperature, T °C. The tem­
perature controller was then adjusted to give the required degree of 
temperature control. To save time, control within ± 5 °C was adequate 
at temperatures far from the transition temperature. As the transition 
temperature is approached control was 'increased' to ± 2 °C.
When bombarding with higher beam currents at low target tem­
peratures care was taken to maintain the target temperature by slowly 
increasing the beam current and thus allowing the temperature controller
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time to compensate for the additional heating. Actually the beam cur­
rent usually caused a 5 to 10 °C temperature rise immediately it was 
switched on, but the system absorbed this and, in seconds, would settle 
back to the set temperature. These problems were experienced with tar­
gets of low transition temperatures, in particular, with InSb. At 
target temperatures below about 1 1 0 °C the beam had to be switched off 
and on. Alternatively, the beam could be used to heat the target up to 
(T + 5) °C for example, and then the controller adjusted to hold the 
target at T °C. This was found not to affect the ejection patterns 
since the beam heated the target within fractions of a second. Even
with these precautions the transition temperatures below 110 °C were
oaccurate only to ± 8 C.
Dose rates were 1.9 X 1 0 ^  ions/sq. cm sec for all 10 and
19 215 keV bombardments, with a maximum total dose of around 10 ions/cm . 
Several factors precluded the use of higher dose rates. These were 
that beam heating became severe at high dose rates, and that operation 
of the ion source at high currents was not advisable because of 
material flaking off the intermediate electrode and settling on the 
anode close the tungsten 'button' hole, which then necessitated 
dismantling and cleaning the ion source.
The experimental procedure was that for a particular set of 
dose rate, ion energy and mass (Ne , A+ or Kr+) the sputtered atom 
ejection patterns were collected for different target temperatures 
during irradiation. The ion beam current was monitored through a 2K 
resistor by one channel of the Hitachi two-pen X - T recorder (Model 
196 (QPD_,^)), while the other channel recorded the temperature of the 
target. Thus records of the ion beam current and target temperature 
were produced simultaneously. The total dose was found by integrating
the beam current curve.
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3.2.10 Processing of Ejection Patt erns
The angles of various regions of maximum intensity of 
deposited material were calculated from the distance of the plate from 
the target, and the co-ordinates on the plate of the relevant regions. 
The patterns were photographed by transmission light using ordinary 
photographic techniques.
3.3 APPARATUS AND PROCEDURE FOR MEASURING SPUTTERING YIELDS 
3.3.1 Introduction
In the following pages the apparatus and techniques used in 
the yield studies will be described in detail. The aim of the work was 
to investigate the following:
(a) The variation of the yield of sputtered neutral atoms and 
secondary ions with the angle of incidence of the ion beam, ion energy 
and ion mass.
(b) The dependence of the yield on the temperature of the target 
for a constant angle of beam impact.
The design of the equipment and vacuum system was based on 
the criteria set out below.
(i) The angle of incidence of the ion beam had to be known to 1°, 
and the divergence of the beam had to be kept less than 2°.
(ii) The acceptance angle of the signal detection system should be 
large enough to integrate over all directions of emission.
(iii) Accurate monitoring of the amount of rotation of the target was 
necessary.
(iv) To be detectable the sputtered neutral atoms had to be ionized, 
and then detected electronically as ions.
(v) Since, in the measurement of such small quantities noise from
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background sources could cause serious errors, signal modulation 
techniques were employed,
(vi) Very low pressures and clean vacuum conditions were maintained.
The layout of the apparatus and some of the electronics is 
shown in schematic form in Fig. 3.3 and in the photograph in Fig. 3.4. 
Some sections and subsections of the assembly are described in detail 
in the following paragraphs.
3.3.2 Vacuum System
The vacuum system consisted of the ion source assembly, beam 
transport, target and signal detection chambers (Fig. 3.5). The system 
was differentially pumped through a 2.3 mm diameter aperture (conduc­
tance 0.59 litres/sec) between the beam transport and target chambers. 
Adjacent to the differential pumping aperture, on the beam transport 
chamber side, was a 6 inch Edwards gate valve used, when necessary, to 
isolate the two sections from each other. Two oil-vapour diffusion 
pumps, backed by an Ulvac rotary vacuum pump (300 litres/minute), 
pumped the system. Pressure measurements were made with two Veeco 
ionization gauges and three Veeco thermocouple gauges.
Each of the three chambers (wall thickness 2 cm) was con­
structed from suitably sized cylindrical blocks of aluminium. The 
chambers were then bolted together and sealing effected by means of 
viton 0-rings.
The beam transport chamber contained two pairs of plates (one 
vertical and the other horizontal) for beam steering and one other pair 
for beam pulsing, a quadrupole triplet lens, and collimators.
For joining the 350 Duoplasmatron ion source to the beam 
transport chamber, two semicircular stainless steel collars were used.
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Fig. 3.5: Vacuum system for sputtering yield measurements.
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These collars fitted into a groove at the base of the Einzel lens. Gas
was supplied to the ion source through a 6 mm diameter copper tubing
from a stainless steel reservoir (bellows) attached to the gas bottle.
The reservoir was initially pumped down to about 1 X 10  ^ mm before
admitting gas from the bottle. Generally the reservoir was kept at a
5 2pressure of about 10 N per m (15 lbs/sq.in.).
Evacuating the ion source assembly and the beam transport 
chamber was an Edwards 4 inch oil vapour diffusion pump (300 litres/ 
second) with a refrigerated (Freon) Chevron baffle and a 6 inch low 
loss, high conductance liquid nitrogen trap. When the ion source was
_ g
not operating the pressure was about 7 X 1 0  Torr, which, when the ion 
source was on, increased to about 1.5 X 10  ^Torr.
The target and signal detection chambers were evacuated by 
another Edwards pump, a 6 inch oil vapour diffusion pump (650 litres 
per second) supported by a 6 inch liquid nitrogen trap and a Chevron 
baffle (Freon cooled). Ultimate pressure in this part of the system 
was about 1 X 1 0 ^  Torr. The pressure remained of this order even when 
the ion beam and the ionizer were both on.
3.3.3 Effect of Pressure
In paragraph 3.2.7 the effect of pressure in sputtering 
experiments was briefly introduced. Mention was made of the fact that 
to get reliable information from the sputtered atoms the mean free path 
for collisions between the residual gas molecules and the sputtered 
atoms must be much larger than the dimensions of interest in the 
experiment. Furthermore, the gas molecules current density must be 
much less than the ion beam current density. For a given impinging ion 
current the sputtering yield will increase with decreasing pressure 
until ultimately the true sputtering ratio is obtained. Wehner [1959]
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has explained this effect in terms of contamination of the target sur­
face by residual gases. According to Wehner the pressure effect would 
be observed at even lower pressures if the current densities of the 
residual gas molecules impinging on the target and the ion beam were 
comparable.
In this work the residual gas pressure in the target chamber
was 1 X 1 0 ^  Torr. This gives a residual gas molecules current density 
13 -2 -1of 3 X 10 molecules cm sec . With a beam current density of
2 1 5 - 20.8 mA/cm the rate of arrival of ions is about 5 X 1 0  ions cm
-1 2 sec . The latter is larger than the former by a factor of 1.7 X 10 .
2At a current density of 0.2 mA/cm - the lowest used here, this factor 
has dropped to 40. The sputtering yields obtained in this work should 
be independent of gas pressure.
Furthermore at this pressure (10 Torr) the mean free path 
of a molecule is approximately 1 0~* cm. The probability of collision 
between molecules W(x) is governed by the Clausius path length 
distribution formula:
W(x) Aexp - — x (3.4)
where A is the mean free path,
and x is the path traversed without collision.
Taking x = 1 00 cm the collision probability is negligible at 10 °^J0.
3.3.4 Target Assembly
The target was mounted on a stainless steel circular plate 
held on a ceramic furnace (Fig. 3.6). Both the target and the stain­
less steel plate were held firmly onto the furnace by three stainless 
steel brackets. To one of the brackets was attached the ion current 
lead, while another provided a means of holding the Chromel-Alumel
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Fig. 3.6: Target mounting system.
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Fig. 3.7: Teflon-sealed thermocouple feed-through.
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thermocouple junction onto the crystal surface. Covering the target, 
with the exception of the bombarded area, was a stainless steel guard 
ring. The target was positioned with its normal at 45° to the 
direction of incidence of the ion beam.
The location of the geometrical centre of the bombarded area 
on the target with respect to the axis of the ionizer was critical.
The centre of this area had to be on the axis of the ionizer, and at a 
fixed distance (1.24 cm) from the centre of the injection aperture. 
Since the crystals varied in thickness, the steel plates were made of 
varied thicknesses in order to maintain the stated geometrical 
relationship.
A molybdenum heater was used for heating the target, the tem­
perature of which was monitored by a chromel-alumel thermocouple.
Target temperature control was as described previously. For these tem­
perature measurements a special thermocouple feed-through was con­
structed using teflon and aluminium. A diagram of the feed-through is 
shown in Fig. 3.7. The regions where the wires were pulled through the
teflon were sealed with Torr seal. This design proved satisfactory
-  8down to the lowest pressure achieved (about 7 X 1 0  Torr). The feed­
through was tested for leaks at these pressures with negative results. 
Some thermal shielding of the teflon was provided by the aluminium 
support on which it rested. The cold junction of the thermocouple was 
inserted into an ice-water mixture.
Secondary electron suppression was ensured by maintaining the 
target at +200 V. The ion current measuring system consisted of a low 
input impedance (~ 10 n) integrator, a 1 MC scaler and one channel of 
the Hitachi two-pen X-T recorder. All the equipment electrically con­
nected to the target was isolated from ground with isolation trans­
formers (Fig. 3.3).
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The current integrator circuit is shown in Fig. 3.8. This
circuit is a modified version of the circuit published by Hardy and
coworkers [1970]. The integrator could be used in the dc or pulsed
-4 -10current mode with a range of 10 to 10 amps.
Variation of the angle of incidence of the ion beam was
affected by rotating the target about its normal (speed 3.16° sec )^.
The target rotation was achieved by using a 10 r.p.m. (measured speed
10.52 r.p.m.) Parvaleux motor and a 40.° 1 reduction gear. The motor was
electronically synchronized with the chart drive motor of the Yokagawa
two-pen X-T recorder. Thus, knowing the chart speed (6 cm min "* ) and
othe time the target takes to rotate 360 , a one to one correspondence 
was obtained between the angle of ion beam incidence and the signal 
intensity.
The target rotation was monitored with an eight volt lamp, a 
0.5 mm slit, a photo-transistor (OCP 12) and a circuit for amplifying 
and shaping the pulses from the transistor. A slit was cut in a disc 
attached to the rotary shaft. The lamp and the photo-transistor were 
mounted in line, opposite each other. Each time the slit passed 
between the lamp and the transistor, the transistor became conducting 
for the length of time that the slit takes to pass. A single pulse was 
thus obtained for each such event. The output of the revolutions 
counter was fed to a scaler, which registered each revolution as 1.
The number of degrees that the target had turned was obtained by mul­
tiplying the figure on the scaler by 9. Fractions of revolutions were 
read to 0.05° from a scale on the target rotary feed-through shaft.
This scale was zeroed before each experiment.
The crystals were treated in the manner described previously. 
The prepared crystal was mounted in its holder, and the electrical con­
nections made on the bench outside the vacuum. The assembly was then
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mounted on an X-ray camera and the crystal indexed using the Laue back- 
reflection technique. The holder on the camera duplicated the flange 
holder on the vacuum chamber. This made it possible to index the crys­
tal with its plane at 45° to the X-ray beam, the X-ray beam was then 
incident along the direction of the ion beam. In this manner a par­
ticular direction could be set parallel to the direction of incidence 
of the ion beam to less than 1°. Of course the directions so chosen 
had to be at 45° to the crystal normal.
3.3.5 Beam Transport
Beam transport from the ion source to the target was accom­
plished with the Einzel lens, two pairs of beam steering plates, an 
electrostatic quadrupole triplet lens, drift tubes and collimators.
The need for low pressures in the target chamber necessitated a dif­
ferentially pumped system so that the gas flow from the ion source to 
the target chamber could be reduced to a minimum. To enable the 
installation of pumping equipment for evacuating the ion source assem­
bly, the ion source had to be situated some distance from the target 
chamber. To achieve this a system of lenses had to be used. The
preferred lenses had to be light, insensitive to the e/m ratio of the
oions, and had to keep beam divergence to less than 2 .
The only available lens was an electrostatic quadrupole 
triplet lens, which had been designed for work with 50 - 100 keV 
protons. This lens was adopted for transporting the lower energy, slow 
and heavy ions. The dimensions and shapes of the electrodes are 
presented in Fig. 3.9a while Fig. 3.9b shows the three modes of 
excitation experimented with.
The twelve electrodes were assembled on perspex rods inserted 
in grounded stainless steel supports. The exterior diameter of these
109
Fi
g.
 3
.9
a:
 
Di
ag
ra
m 
of
 e
le
ct
ro
st
at
ic
 q
ua
d 
tr
ip
le
t 
le
ns
 e
le
ct
ro
de
s.
110
A
B*om F o c u ftin j a n d  S t M « n j  Aloe/«
c.
n
^> jrr ,m * * -rica l Exci+o+ion
vVc4X<
r^ Tv
a
A»ymm«fflca| Exci+aF.’on
c
Fig. 3.9b: Diagram depicting the three modes of excitation.
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supports was such that they could just slide into the bore of the 
transport chamber, and thus provide automatic alignment. Attached to 
the ion source end of the rods were the two pairs of beam steering 
plates. Figure 3.3 shows the spatial relationships of these components.
There are many reviews on quadrupole lenses. Prominent among 
them are those of Hawkes [1970], Regenstreif [1967], Septier [1961], 
Septier and van Acker [1961] and Enge [1961]. The first three authors 
give theoretical treatment of the lenses, as well as some experimental 
results while Septier and van Acker treat electrostatic quadrupole 
lenses exclusively. Enge has plotted families of curves presenting the 
field-strength parameter, K, and magnification as functions of object 
and image distances, with these distances measured from the boundary of 
the lenses. The length of the central electrode was L, and the outer 
sections were each L/2 in length.
The behaviour of the lens used here was estimated with the 
help of Enge's work. There, K, the field-strength parameter is given 
by
where d is the aperture diameter of the lens,
V is the potential on the electrodes,
E is the energy of the ions, 
and n is the number of elementary charges
carried by the ion.
Field strength parameters of magnitude 0.1 to 0.3 cm  ^ were used 
depending on the energy of the ions, the current density and the Einzel 
lens voltage. These values corresponded to a range in potentials on 
the electrodes of 120 to 300 volts. Typical voltages used to excite 
the electrodes and ion currents transmitted to the target are shown in
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Table 3.2, together with the respective ion energies and Einzel lens
voltages. The first two results illustrate the fact that for good
transmission the Einzel lens and quadrupole lens excitations had to be
suitably matched. The ion beams at the exit aperture of the quadrupole 
olens had about 0.5 divergence.
TABLE 3.2
Typical Operating Potentials
Beam
Energy
Quadrupole
Voltages EinzelLens
Beam Steering 
Plates Current
DensityVoltages
Vertical Horizontal♦i -*2 03 -04
15 kV 255 350 243 241 3.0 0 10 44 M-A
15 kV 255 350 243 241 1 .9 0 10 32
10 kV 290 290 118 250 2.0 0 0 35
1 0 kV 31 0 300 185 190 2.0 0 0 44
5 kV 0 280 36 1 51 0.8 -55 0 1 0.1
5 kV 280 0 150 30 0.8
!
-40 0 8.2
Different modes of excitation were experimented with to find 
the one most suitable for the requirements of the work. The modes 
examined are shown in Fig. 3.9b. Initially the quadrupole lens was 
used as a beam steering and focusing device. In this mode the ion cur­
rent transmitted was not high. The lens was then used in the symmet­
rical and asymmetrical modes. Both of these modes gave good transmis­
sion, with the asymmetrical mode giving rather better divergence 
characteristics. The lens was then wired for asymmetrical excitation, 
and any beam steering needed was done by means of the plates.
Transmission was measured by comparing the magnitude of cur­
rent collected by all the electrodes, with no excitation voltages on
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them, to the magnitude of the current impinging on a plate placed in 
front of the exit aperture of the lens assembly. Both the divergence 
and beam profile in the target chamber were acquired by utilizing heat 
sensitive paper (Wroe [1967]). By placing the paper at predetermined 
distances from holes of measured diameter the divergence was calculated 
from the size of the burn marks. The maximum divergence measured this 
way was about 1.7° at 5 keV. In addition, placing the paper behind a 
metallic foil with a star shaped pattern of holes along the beam path 
yielded the distribution of current across the beam profile. Focused 
beams at all energies were found to have a circular profile with a 
fairly even distribution of current.
3.3.6 Signal Detection
3.3.6.1 Introduction
The signal detection system consisted of a pulse generator, 
an oscillating electron beam ionizer, signal bending plates, and the 
associated electronics. The system was designed for the detection of 
sputtered neutral atoms and secondary ions. Secondary ions needed only 
focusing and collimation before introduction into the mass filter, in 
contrast to the neutrals which had to be ionized as well.
The presentation of this section will be as follows. Signal 
detection considerations relating to noise problems will be discussed 
first, followed by descriptions of the different components of the 
detector and, lastly, the signal processing techniques will be 
considered.
3.3.6.2 Signal detection and noise
The signals detected were low-level signals, and as such were 
susceptible to various types of noise. The sources of noise therefore
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had to be eliminated, and where this was not possible, the noise 
reduced to an arbitrarily low level by the application of suitable 
techniques. There were two types of noise that had to be contended 
with, namely environmental noise and noise from ground-loop currents.
Environmental noise consisted of ionized residual gas atoms 
and unionized sputtered neutral atoms that penetrated through to the 
multiplier.
Generally, the flux of residual gas atoms in the ionization 
region would be of the same order of magnitude as, or larger than, the 
flux of sputtered neutral atoms. The electron beam ionizes both 
species, and the ions of both species are extracted and transported to 
the mass filter and thence to the electron multiplier. The ions from 
the residual gas then constitute unwanted noise. The level of this 
noise signal could be large enough to obscure the wanted signal. Even 
if the level of noise is less than that of the signal the noise signal 
would still be large enough to cause serious problems when attempts are 
made to assess the wanted signal. Techniques have to be employed which 
would enable the desired signal to be modulated at a frequency dif­
ferent from that of the noise. This would then allow the signal 
processing electronic circuitry to discriminate against the unwanted 
noise. One way of handling low level and noise-prone signals is to use 
cross correlation techniques.
Cross correlation techniques allow two signals from different, 
but coherent, sources to be compared. The resulting correlation func­
tion then contains information on the frequencies that are between them. 
The function may be expressed mathematically as
Cxy(t) lim t~ T 2T1— ►OO
T
-T
f (t) f (t - t) dty x (3.6)
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where C (t) is the cross correlation function,xy
T is the time-delay parameter,
and f (t) and f (t) are two different functions of time thatx y
arise from the physical processes being investigated.
Basically, this means that the cross correlation of random noise with a 
periodic signal approaches zero as the averaging time is increased. On 
the other hand, the cross correlation of a signal with a replica of 
itself yields an output that increases to a steady value in some finite 
averaging time.
Experimentally, this requires that the wanted signal be modu­
lated at some definite frequency. The modulated signal, plus a 
reference signal - the latter extracted from the modulator, are then 
both fed to a cross correlator - which is a device employing the 
principles of cross correlation for processing such signals. One such 
device is a lock - in amplifier or synchronous detector. A lock-in 
amplifier is a cross correlator that provides an output dc signal which 
is a time average of the product of the signal of interest plus noise 
with the reference signal.
The signal enters the lock-in amplifier through a low noise 
preamplifier with a gain of 10 to 100. The signal is then routed 
through a narrow band selective amplifier tuned to the modulating 
frequency. By blocking undesired noise while passing only those 
frequencies that are close to the modulating frequency the selective 
amplifier increases the dynamic range of the mixer, or phase-sensitive 
detector. After entering the phase-sensitive detector the main signal 
is synchronously rectified by the reference signal. If the two are in 
phase, a maximum output will be obtained, otherwise the output will 
vary as the cosine of the angle between them. A low pass filter then
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reduces any white noise remaining. Finally the noise-free signal is 
amplified by a dc amplifier. The output is then a clean reproduction 
of the original signal.
Other advantages of a lock-in amplifier are:
(i) the bandwidth can be made as narrow as desired by increasing the 
RC time constant,
(ii) high gain (may be as high as 10^),
(iii) the centre frequency of the response is 1locked-in' to the 
carrier frequency thus avoiding drift problems,
(iv) it is effective in discriminating against 1/f noise.
The lock-in amplifier employed for these studies was a PAR 
Model 121 Lock-in Amplifier/Phase Detector. The model is continuously 
tunable from 1.5 Hz to 150 kHz (in 5 ranges with a calibration accuracy 
of ± 5°jo. Additional specifications include, sensitivity, 10  ^to 
5 X 1 0 ^  V, internal noise, less than 3 dB at 1 kHz, filter time con­
stants, 1 ms to 10 seconds (selectable 6 - or 12 dB octave roll off), 
zero suppression to ± 10 X full scale, linearity, ± 0.1 fS, gain 
stability ± 0.5°]o at 400 Hz (q of 10), and input resistance 10 Mohms 
shunted by 30 pF.
Signal modulation was achieved by pulsing the ion beam at 
1 kHz. A pulse generator, depicted in Fig. 3.10 with a variable output 
of +200 V to +1 kV square pulses of frequency 100 to over 3 kHz at
_ ß
1 5 X 1 0  seconds rise time was designed and employed for this purpose. 
A reference signal (2.5 V, 1 kHz square pulses) was obtained from the 
Schmitt trigger circuit of the pulse generator. The reference signal 
was in phase with the beam pulses, and therefore 180° out of phase with 
the pulses of sputtered atoms and secondary ions since the beam was 
pulsed off, rather than onto, the target. The correct in-phase
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relationship was restored by means of the phase dial on the lock-in 
amplifier. Thus, the atomic species ejected from the target were modu­
lated at 1 kHz. Noise from residual gas produced a dc signal. The 
lock-in amplifier accepted signals and noise in a narrow bandwidth 
around 1 kHz while rejecting the rest.
The other form of environmental noise encountered could not 
be eliminated by the above method. This type of noise arose from high 
velocity sputtered neutrals that penetrated through to the electron 
multiplier. In an earlier arrangement, the mass filter and the elec­
tron multiplier were in geometrical line-of-sight with the target. It 
was quickly discovered that when the ion beam impinged on the target, 
fast neutrals that passed through the ionizer unionized and caused a 
large amplitude signal to be produced by the electron multiplier.
Since they carried no charge the mass filter had no effect on them 
except to absorb those that struck the rods. The current from the 
multiplier due to these neutrals could be as high as 10 X 10  ^ amps 
for a high current density ion beam. The lock-in amplifier could not 
filter out this noise since it was at the modulating frequency. The 
solution resorted to was to employ a geometrical filtering and elect­
rical separation system. This was done by inclining the quadrupole 
mass filter at 30° to the ionizer vertical axis as shown in Fig. 3.5.
A pair of bent plates was then utilized to bend the signal from the 
ionizer and direct it towards the mass filter injection aperture. 
Unionized and high speed neutrals then missed the mass filter and were 
absorbed by the chamber walls.
The next major type of environmental noise encountered arose 
from ground-loop currents, and electromagnetic pick-up. On account of 
the high voltages used in the pulse generator and quadrupole lenses 
screening of sensitive cables and electronic equipment was necessary.
11*
Therefore all signal cables were shielded and isolated. In addition 
ground-loop currents were minimized by earthing all equipment on one 
point on the target chamber, which in turn was grounded on a water pipe.
3.3.6.3 Ionizer
The ionizer used is the oscillating electron beam type, so 
called because electrons are made to oscillate in the ionization region, 
thus increasing the effective electron density in that space. The 
major points kept in mind when designing the ion source were not only 
high ionization efficiency, but also good extraction of the ions and 
adaptability. The oscillating electron beam ion source met these 
requirements well, as will be shown below.
A brief review of the historical development of this type of 
ion source is deemed in order. Finkelstein [1940] was the first to 
describe the oscillatory type ion source in which oscillatory motion of 
the electrons was parallel to the direction of extraction. His ion 
source consisted of a cathode, six plane perforated electrodes three of 
which were at accelerating potential and the other three at retarding 
potentials. The electrons were collimated along the axis by a uniform 
field of several hundred gauss produced by Helmholtz coils. Thus 
electrons emitted by the cathode were first accelerated, then stopped 
and sent back. Currents up to 150 mA of protons could be obtained.
Von Ardenne [1942] and Heil [1943], working independently, developed 
ion sources similar to each other and to Finkelstein's but different in 
that the oscillatory motion was perpendicular to the extraction direc­
tion. This arrangement raised the possibility of having two cathodes 
emitting together, giving an increase to the electron flux and to 
filament life.
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Other types of electron bombarder ionizers have been designed
for use as detectors in molecular beam experiments. These other
sources were designed for rectangular shaped beams of cross sections 
2around 0.05 cm . The ionizers described by Wessel and Lew [1953], and
-4by Quinn and coworkers [1958] had efficiencies of about 3 X 1 0  , and
-4 -510 to 10 respectively and used a magnetic field to increase the 
electron density. Ionizers with Pierce geometry (Pierce [1954]) are 
those of Fricke [1955], Weiss [1961] and Bernhard [1957] with 
ionization efficiencies up to 3 X 10~3.
The oscillating electron beam ionizer used in these studies
2was designed to accept atomic beams of cross-section 0.1 cm . In addi­
tion the direction of extraction was parallel to that of the atomic 
beam with the electrons travelling at right angles to this direction 
(Fig. 3.3).
The ionizer consisted of two filaments, a grid, an ionizer 
chamber and two permanent magnets giving a field of about 250 gauss in 
the ionization volume. Figure 3.11 shows the cross-section of the 
ionizer. All parts of the ionizer and associated electrodes were made 
from non-magnetic stainless steel.
For mechanical rigidity the wire mesh grid was wound on a 
stainless steel cylindrical former of outer diameter 8 mm and length
1.8 cm. Two slots, 5 mm wide, were cut diametrically opposite in the 
cylinder to allow passage of the 3.4 mm wide electron beam. The grid 
mesh was thus flat over these slots. Surrounding the grid structure 
and concentric with it was an ionization chamber 1 cm inside diameter,
1.8 cm outside diameter and 1.9 cm long. Cut diametrically opposite 
were two slots wide enough to accept filament blocks. The filaments 
were tungsten foil (0.13 mm thick, 2 mm wide and 15 mm long) situated
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F i g .  3 . 1 1 :  Cross  s e c t i o n  o f  i o n i z e r .
d i r e c t l y  o p p o s i t e  t h e  s l o t s  c u t  i n  t h e  g r i d  fo rm e r .  The e n t r a n c e  and 
e x i t  a p e r t u r e s  o f  t h e  i o n i z e r  were  each  3 . 4  mm.
Other  e l e c t r o d e s  a s s o c i a t e d  w i t h  t h e  i o n i z e r  w e re :  two e l e c t ­
r o d e s  between  t h e  i o n i z e r  and t h e  t a r g e t ,  t h e  3 . 4  mm d i a m e t e r  a p e r t u r e  
o f  one had a  w i r e  mesh (90% t r a n s m i s s i o n )  f o r  s e c o n d a r y  i o n  s u p p r e s s i o n ,  
w h i l e  t h e  o t h e r  e l e c t r o d e  was used  f o r  f o c u s i n g  t h e  i o n s ;  one e l e c t r o d e  
im m ed ia te ly  above t h e  i o n i z e r  was used  as  an e x t r a c t o r ;  and two o t h e r s  
above t h i s  were f o r  f o c u s i n g  t h e  i o n s  i n t o  t h e  r e g i o n  be tw een  t h e  beam 
be nd ing  p l a t e s .  The s p a c i n g  be tween  t h e  e l e c t r o d e s  was 1.27 mm. I n s u l ­
a t i o n  and s p a c i n g  was p r o v id e d  by a lum ina  i n s u l a t o r s  and s p a c e r s .  
( I n t e r n a t i o n a l  Ion  Systems C o r p o r a t i o n . )
In  o p e r a t i o n  t h e  f i l a m e n t s  were  c o n n e c t e d  i n  p a r a l l e l  and 
r e q u i r e d  a b o u t  8 t o  10 amps. Gr id  c u r r e n t s  be tween  5 t o  25 mA a t  g r i d  
p o t e n t i a l s  up t o  240 v o l t s  were used .
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3.3.6-3.1 Theoretical considerations and performance
The potential distribution in the ionization region of the 
ionizer, and the current flow was examined with the aim of deducing the 
performance characteristics.
Calculations of the potential distribution were made on the 
assumption of a one dimensional 1 - D beam. The results were then 
generalized to a 2 - D beam.
To facilitate calculations the following assumptions were
made:
(i) the grids consisted of two plane and parallel wire mesh 
structures;
(ii) the electrons that have penetrated the grid traversed the grid 
to grid space in parallel trajectories;
(iii) electron oscillations were ignored; and
(iv) to avoid edge effects and lateral potential distribution a beam 
of infinite lateral extent was assumed.
A diagrammatic representation of the cathode and two grids is 
given in Fig. 3.12a. Two regions were considered, these being the 
cathode to grid, and the grid to grid regions. Current flow from 
cathode to the grid nearer to it was essentially temperature limited, 
while the flow from to was space charge limited.
The coordinate axes were set up as follows. Beam-flow was 
parallel to the x-axis, with the origin taken on G^; the axis of sym­
metry of the ionizer was parallel to the z-axis and the y-axis was at 
right angles to both x and z axes.
The potential distribution between the cathode and the
adjacent grid was given by the equation
123
Z
Fig. 3.12a: Schematic diagram of 1 - D beam.
Fig. 3.12b: Potential distribution along the beam at different current
densities.
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V (3.7)
where
derived from Poisson's equation
d2V
dx2
_P_
eo
eo
where V = V(x) is the potential,
p is the electron space-charge density, 
and j is the electron-current density in the beam
£ lv (3.8)
with the boundary condition ~  = 0 at the cathode.
In examining the potential distribution in the ionization 
region interest was mainly directed to finding the effect a given dis­
tribution had on electron flow and density distribution, ionic genera­
tion, distribution and extraction. Calculations were based on the 
assumption of an electron sheet of infinite extent in the z-direction 
between two equipotential grids at x = 0 and x = 2S (Fig. 3.12b). At 
low current densities the beam would be completely transmitted and the 
potential distribution would then be obtained from integrating the 
1 - D Poisson's equation:
dfV
dx2 " (3.9)o x /
This equation is integrable. The solution is symmetrical about x = S 
with the constants of integration being determined from the condition
( 0 .
The solution of equation (3.9) is (Salzberg and Haeff [1939])
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£o ' 26 /
x(x - 2S) = 4 [(V2
+ i (v1 -
- V 2) V2 - (V2 m m  a V*) m m
vJ)3/2 - \ (Wm a v4)3/2]2m (3.10)
where V volts is the potential at x = S corresponding to a current m
-2density j amps m . When the potential of interest is the potential at
x = S then V = V and the equation becomes m
~ (  ) S 2  =  Q [(V5 - v1)1 (V1 + 2V1)]2 (3.11)£0 Y 2e y 9 a m  a m
when V = 0, j = j one obtains from equation (3.11) m c
On dividing equation (3.11) by (3.12) the dimensionless equation 
is obtained
(3.12)
(3.13)
(3.13)
These equations are plotted in Fig. 3.12b and c. In Fig. 3.12b the
potential distribution across the ionizer is shown for the current
densities j , j , j . and j where j > j > j > jn; when j = 0 the
potential distribution between G and is represented by the straight
line '0' in Fig. 3.12b. As j increases from j = 0 the potential is
depressed until when j = j it assumes curve II. Further increase in j
to i leads to the distribution shown in curve III. Meanwhile V 2 m
decreases with increasing j until j is reached when V assumes thec m
value zero. The events occurring at j values larger than j are not
relevant to this study and will not be considered. The value of j for
a given cathode potential and ionizer dimensions is given by equation
(3.13). A plot of j/j for the ionizer is shown in Fig. 3.12c. This
curve shows V decreases with increasing j until j = j . In a beam of m c
finite thickness potential would be depressed not only in the direction
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Fig. 3.12c: Variation of the potential minimum with current density,
both normalized.
of current flow as per above analysis, but also at right angles to the 
direction of flow. In the ionizer being analysed here this implies 
potential depression in the y-direction. The mathematical treatment 
for this type of depression for rectangular beams has been developed by 
Haeff [1939]. The Haeff treatment is based on Poisson's equation
V2 V = - (3.14)
o
the energy equation |mV2 = eV and the current density equation j = pV, 
where the symbols have the same meaning as in the analysis of depression 
along the beam flow, except that the directions of the vector quantities 
is at right angles to the current flow. Applying this treatment to the 
case being considered here the y-distribution is obtained from an 
integration of the 1 - D Poisson's equation
eo
a2v
öy2 (3.15)
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(where -P V = i) the solution of which is (Haeff [1939])y y
4J
e ^  ) ! y = % [(v4 - v4)4 (v4 + 2v4)] <3.16)
where V is the potential minimum along (x,y) = (s,o). Figure 3.13 o
shows the geometrical relationship of the beam and grids in the x-y 
plane. The width of the beam is 2a, while that of the chamber is 2w. 
If V = V^, where is the potential at the beam boundary (x = ±a) the 
equation becomes
± t e V 2e o
i - 1
vb 1 -
VS '4
1 + 2 1  -
b
I
• (3.17)
Furthermore, for a constant current density equation (3.16) gives the 
following relationship between potential and distance
V4 = C y , where C is a constant. 1 1 (3.18)
In the region outside the beam the potential assumes the form
C^y * ^2 a constant (3.19)
since there is no space charge.
El£CT&or/
—
~G
Tn*u. 2>/sr/e/fcsrA
Fig. 3.13: Potential distribution in the y-direction.
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The electric field at the beam boundary is given by
dV = 4 ^b
dy 5 a (3.20)
from equation (3.18). From equation (3.20) one obtains
dV V - V
dy — ------ (3.21)w - a
for the electric field. Since at the boundary of the beam both the 
potential and the electric field are continuous equations (3.20) and 
(3.21) can be equated to give, after simplification
(3.22)
This gives a potential of 86 volts
plotted currents from which values
given values V , V and dimensions a b
obtained.
at the edge of the beam. Haeff 
of V , at current density j for 
of the beam and chamber can be
However, to first order, one can calculate the space charge 
depression of potential by considering the beam to be a conducting 
sheath which together with the ionization chamber walls, forms a con­
denser having capacity C per unit length, and with charge of equal to 
I/V where I is the electron current and V is the electron velocity cor­
responding to the potential on the grids V . The space charge
c l
depression (V - V ) can be written as (Haeff [1939]) a m
AV = V - V = ------ -— ---- - (3.23)
3 m 5.93 X 10 CV2a
where C is in Forads. AV ~ 70 volts for a 2 - D beam for I = 25 mA and 
the constant 5.93 X 10^ being the velocity in cm sec  ^ of a 1 eV 
electron.
The limitation in the above analysis arises from the fact 
that the grid structure is cylindrical rather than parallelipiped as
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assumed. Nevertheless, it is clear that potential depressions of mag­
nitude varying from about 60 to 170 volts occur in the ionizer depend­
ing on the current density of the beam. Ions are formed in the 
vicinity of the axis of the ionizer on account of the directional 
nature of these atoms and the relatively small half-angle for injection 
(11.7°). Once an ion is generated it immediately comes under the 
influence of the electric fields present in its locality. The force on 
the ion is proportional to the difference of the total charge it sees 
on either side of it. From the analysis above, and the curves given, 
the magnitude of the force would be proportional to the distance of the 
ion from the axis (x,y,z) = (s,o,o) i.e. the symmetry axis. However, 
the parabolic shape to the distribution is modified by two factors.
One is the shape and size of the grid, and the other is that the 
effective charge distribution is peaked towards the electrodes. The 
velocities of the sputtered atoms that enter the ionizer lie within a 
cone of half angle 11.7°. An atom incident on the axis of the ionizer 
with velocity V, 0 degrees to that axis, has velocity components V cos0 
and Vsin0 along the perpendicular to the z-axis. The maximum values of 
these velocity components are Vm sec  ^ along the z-axis and 0.2 V at 
right angles to the axis, randomizing collisions between the atoms and 
residual gas atoms and between the atoms and electrode surfaces being 
neglected. If the incident atom is ionized, and if the ionization 
region were essentially field-free the motion of the ion would not dif­
fer significantly from that of the parent atom because the energy 
transferred by the electron to the more massive atom is small. When 
the region is not field-free the ion is influenced by any fields 
present. Assuming the ion sees a resultant electric field intensity E, 
then it will experience an acceleration in the direction of the field 
of magnitude eE/m where m is the mass of the ion and e is the
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e l e c t r o n i c  c h a rg e .  For an i o n  formed anywhere between  t h e  g r i d s  t h i s
f o r c e  i s  d i r e c t e d  towards  t h e  a x i s  o f  t h e  i o n i z e r .  The p a r a b o l i c  shape
o f  t h e  f i e l d  w i l l  c ause  t h e  i o n s  t o  undergo  harmonic  m ot ion  a lo n g  t h e
a x i s  u n t i l  t h e y  emerge from t h e  i o n i z e r  o r  a r e  e x t r a c t e d .  For  an i o n
o f  mass 120 a .m .u .  t o  e s c a p e  a g a i n s t  t h e  p o t e n t i a l  g r a d i e n t  i t  needs  t o
o
have  an ene rgy  o f  500 eV w i t h  m ot ion  a t  10 t o  t h e  a x i s .  For  a n g l e s  
l e s s  t h a n  10° t h e  r e q u i r e d  en e rg y  would be h i g h e r .  S inc e  most  o f  t h e  
s p u t t e r e d  atoms would have e n e r g i e s  l e s s  t h a n  100 eV, and would be 
t r a v e l l i n g  i n  t h e  i o n i z e r  w i t h  v e l o c i t i e s  i n c l i n e d  l e s s  t h a n  12° ( s i n c e  
a c c e p t a n c e  a n g l e  i s  2 3 . 4 ° )  t o  t h e  a x i s  e s c a p e  from t h e  v i c i n i t y  o f  t h e  
a x i s  t o  t h e  w a l l s  o f  t h e  chamber  i s  im p ro b a b le .
F u r th e r m o r e ,  t h e  p a r a b o l i c  n a t u r e  o f  t h e  f i e l d  d i s t r i b u t i o n  
i m p l i e s  t h a t  t h e  i o n i c  d i s t r i b u t i o n  would be peaked  ( G a u s s i a n )  w i t h  t h e  
peak a lo n g  t h e  a x i s .  F i g u r e  3 .1 4  shows t h e  form o f  t h e  e x p e c t e d  d i s ­
t r i b u t i o n .  The e x t r a c t i o n  f i e l d  a c c e n t u a t e s  t h i s  i o n i c  d i s t r i b u t i o n ,  
making i t  more peaked a long  t h e  a x i s .
F i g .  3 . 1 4 :  D i s t r i b u t i o n  o f  i o n s  a lo n g  x - d i r e c t i o n .
Assuming,  t o  a r a t h e r  rough  a p p r o x i m a t i o n ,  t h a t  t h e  v e l o c i t y  
d i s t r i b u t i o n  o f  t h e  s p u t t e r e d  atoms i s  M axw el l i an ,  and on f u r t h e r  
assuming t h a t  an i o n  formed w i t h i n  0 .5  mm o f  t h e  a x i s  i s  c e r t a i n  t o  be
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collected (extracted) then the efficiency of extraction is obtained 
from the product of the probability of an ion of energy less than 
500 eV being formed within a cylindrical region of 1 mm diameter 
centred on the axis and the probability of an atom being within a cone 
of half angle 10°. One further assumption made is that the current 
density of the sputtered atoms is uniform. The extraction efficiency 
obtained this way is higher than 95% for an extraction aperture of 
diameter (3.4 mm) equal to the injection aperture. The extraction 
efficiency for ions from residual gas cannot be calculated in this man­
ner, and in any case, because of the random nature of the velocities of 
these ions the extraction efficiency for them would be lower.
One further point that needs to be made in relation to the
relation between current density and potential depression is that if
the current density is too high then the potential depression would be
very high (i.e. V small). Ions then tend to bunch up along the axis m
increasing the potential 'hill' due to ions. This has the effect of 
repelling the ions from along the axis, as well as reducing the magni­
tude of the effective restraining force on the ions. Thus one usually 
has to experiment with various current densities to find one that gives 
the largest extracted current.
The probability of ionization, P, is obtainable from the 
dimensions of the ionization chamber and energies of the sputtered 
atoms. P is given by
where
number of ions sec 
number of atoms sec
i
jegi
eV
flux density of electrons;
(3.24a)
(3.24b)
cr is the cross-section for ionization, taken
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here as 10 ^  cm“;
Ü is the length of the ionization region; 
and V is the average velocity of the atoms.
-4 -5The calculated ionization efficiencies vary from 10 to 10 depending 
on the current density and energy of the sputtered atoms (see paragraph 
3.3.4.3 above), while for residual gas atoms the efficiency is about
The extraction potential used was generally around 110 volts, 
though the ionizer did not really need an extraction electrode. 
Extraction was found to be more efficient without an extraction poten­
tial. However, having an extraction potential did improve resolution 
in the mass filter. After extraction the ions were focused by an 
aperture lens and directed into the region of the signal bending field.
3.3.6.4 Signal bending plates
As mentioned above (paragraph 3.3.6.2) it was found necessary 
to position the quadrupole mass filter at 30° to the ionizer axis in 
order to avoid high velocity neutrals that penetrated to the first 
dynode of the electron multiplier, thus generating a high amplitude 
noise signal which would have been impossible to eliminate electron­
ically. This arrangement meant that the signal emerging from the 
ionizer had to be bent by 30° and then injected into the mass filter 
after appropriate processing to achieve the desired entry conditions. 
Two kinked plates were used for bending the ion signal. The plates 
were kinded at 30° from the vertical, and were about 6 mm apart at the 
base. The design of the plates were facilitated by the curves given by 
Klemperer [1953]. Excitation of the plates was at about ± (160 - 250 
volts) depending on the ionizer extraction potential.
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The amount of deflection that an ion experiences will depend 
on its energy. Since sputtered atoms have a large energy spread span­
ning some decades of electron volts the bending system used should have 
been one that was independent of particle energy. The time available 
for this project, however, precluded the design of a bending system 
independent of ion energy. The effects of the energy dependence were 
minimized by varying the excitation voltages until the signal was maxi­
mized for a particular extraction potential, electron beam current 
density and target material. Once the latter quantities were set a 
usable signal could only be obtained at an excitation potential V ± 10 
volts. The energy discrimination did not therefore matter provided the 
voltages on the plates were signal maximization voltages and these were 
not altered in the course of an experiment. Furthermore, in the case 
of InSb where two masses had had to be detected, the signal maximiza­
tion potentials for In and Sb were found to be equal in magnitude. 
Maximization potentials for secondary ions were always higher (up to 5 
volts) than those of ions from neutral atoms, for the same target.
This indicated that the secondary ions had, on the average, higher 
energies than the neutral atoms.
Upon emerging from the bending field the ions were collimated 
and directed into the mass filter by a unipotential lens.
3.3.6.5 Quadrupole Analyser
Mass analysis of the ions was performed with an EAI 
Quadrupole 150 residual gas analyser. This device uses an RF - DC 
quadrupole field to analyse the ions according to mass from the stab­
ility of their trajectories through the field. The theory of the 
quadrupole field and use of the quadrupole filter are found in
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p u b l i s h e d  l i t e r a t u r e  ( P a u l  and c o w o r k e r s  [1 9 3 8 ] ;  Dawson and W h e t t o n  
[ 1 9 6 9 ] )  and w i l l  n o t  be  g i v e n  h e r e .
Among t h e  a d v a n t a g e s  o f  t h e  q u a d r u p o l e  mass  f i l t e r  a r e :
( i )  h a v i n g  a w i d e  a n g l e  o f  a c c e p t a n c e .  I o n s  i n c i d e n t  on t h e  a x i s  o f  
t h e  i n j e c t i o n  a p e r t u r e  w i t h i n  a s o l i d  co n e  o f  h a l f - a n g l e  30°  and 
whose  t r a n s v e r s e  e n e r g y  i s  n o t  t o o  h i g h  w i l l  h a v e  s t a b l e  
t r a j e c t o r i e s  i n  t h e  a n a l y s i n g  f i e l d ;
( i i )  i n s e n s i t i v i t y  t o  i o n  a x i a l  v e l o c i t y .  The o n l y  l i m i t a t i o n  t o  t h e  
a x i a l  v e l o c i t y  o f  an  i o n  i s  t h a t  i t  must  e x e c u t e  a number o f  
o s c i l l a t i o n s  i n  t h e  q u a d r u p o l e  f i e l d  l a r g e r  t h a n  a c e r t a i n  
minimum num ber .  H o m o g en e i ty  o f  i o n  e n e r g y  i s  n o t  n e c e s s a r y ,  a l l  
i o n  e n e r g i e s  mus t  m e r e l y  be  s m a l l e r  t h a n  t h e  u p p e r  l i m i t ;
( i i i )  e l e c t r o n i c a l l y  a d j u s t a b l e  r e s o l u t i o n  and t r a n s m i s s i o n ;
( i v )  a b s e n c e  o f  m a g n e t s ;  and
( v )  l i g h t n e s s .
The d i m e n s i o n s  o f  t h e  Q u a d r u p o l e  150 A n a l y s e r  f i e l d  a r e  as
f o l l o w s :
f i e l d  r a d i u s  3 mm;
l e n g t h  o f  r o d s  1 2 . 5  cm.
An i n j e c t i o n  a p e r t u r e  o f  3 . 0  mm d i a m e t e r  was u s e d .  The p a r t i c l e  
d e t e c t o r  i s  a 1 4 - s t a g e  Be-Cu e l e c t r o n  m u l t i p l i e r  c o n s i s t i n g  o f  13 
d y n o d e s  and an  a n o d e .  The f i r s t  d ynode  o p e r a t e s  a t  3 kV and e a c h  o f  
t h e  o t h e r  dy n o d e  a t  214 v o l t s .
On t h e  Q u a d r u p o l e  150 t h e r e  i s  p r o v i s i o n  f o r  f e e d i n g  an  
e x t e r n a l  programme .  I n  t h e  programme mode t h e  e x t e r n a l  programme ( 0  t o  
-1 0  v o l t s  a m p l i t u d e )  c a n  d i r e c t  t h e  s y s t e m  t o  d e t e c t  one  pea k  o r  a 
g r o u p  o f  p e a k s  i n  a p r e d e t e r m i n e d  o r d e r .  I n  t h i s  mode t h e  sweep f u n c ­
t i o n  i s  d i s c o n n e c t e d  f rom  t h e  i n t e r n a l  sweep g e n e r a t o r  and  p l a c e d  u n d e r
135
control of the external programme. For this work the instrument was 
used in the programme mode only.
Interest in the performance of the instrument was mainly 
centred on the resolution and transmission. The resolution depends on 
electronic parameters, injection conditions and alignment of the rods.
With the unipotential lens at zero excitation the maximum
injection angle was about 28° which is less than the maximum angle of 
o30 . When the lens is excited the ions are injected approximately 
parallel to the axis.
For a resolution
_M
AM 40 (3.25)
where M is the mass in a.m.u.,
and AM is the width at half-height,
the maximum axial accelerating potential for an ion should be (Dawson 
and Whetten [1969])
Vacc
4.2 X 102 f2 L2 M 
M/AM (3.26)
where f is the frequency of the RF field, f = 3.3 MH
L = 12.5 cm is the length of the rods,
and when M = 120, V = 650 volts,acc
which is about 5 times the energies of the ions from the ionizer.
For 100% transmission the ions should have radial energy less 
than U given by
Ur (3.27)
where V is the amplitude of the RF voltage and is given by
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V = 14.438 Mf2 r 2 (3.28)o
giving U <1.5 volts for (M/AM) = 40. r
Brubaker and Johannes [1964] investigated the transmission 
efficiency and resolving power of a quadrupole mass filter as functions 
of entrance aperture size and frequency of excitation. They found that 
larger transmitted ion currents at lower transmission efficiencies were 
obtained with larger aperture sizes.
The Quadrupole 150 was programmed by two reed relays with the 
programming d.c. voltage obtained from a highly regulated and stabilized 
power supply (see paragraph 3.3.4.6).
3.3.6.6 Signal processing
The ion beam was incident at 45° to the target normal. The 
axis of the detecting system (i.e. ionizer etc.) was at right angles to 
the ion beam, and thus at 45° to the target normal. The angle of 
acceptance of the ionizer system was 23.4°. This is wide enough making 
possible integration over directed emission effects due to anisotropy 
of the crystal lattice.
When detecting In and Sb from InSb targets one relay would 
programme the Quadrupole 150 for In selection for 250 m sec, while the 
other programmed the Quadrupole for Sb selection for the next 250 m sec. 
Since the ion beam pulses were of 1 m sec duration the lock-in 
amplifier obtained 125 signal samplings for each mass number during the 
250 m sec. When a relay was switched onto 'programme' it simultaneously 
closed a signal line from the lock-in amplifier to one channel at the 
x-t recorder. This method, however, was suitable for small lock-in 
amplifier time constants (1 to 3 m sec). For the longer time constants 
(300 m sec) needed for effective noise suppression it was decided to
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monitor the two signals for alternate 1 min 37 secs, which is the time 
for one revolution of the target. The programme was changed for doubly 
charged ions and for detecting secondary and reflected ions. The 
frequency of the relay switching was controlled by a frequency divider 
which was driven by 1 kHz, 60 V square pulses from the pulse generator, 
and where phase-locked with the reference pulses for the lock-in 
amplifier. The frequency divider divided the driving pulse frequency 
(1 kHz) by 200, and therefore switched the relays at 2.5 Hz.
The noise suppression arrangements were found to be adequate.
By employing a lock-in amplifier and the mass analyser in the programme
mode a signal to noise ratio which would otherwise have been of the 
-3order of 10 had been improved to between 50 and 900 for ionized sput­
tered neutrals and between 300 and 6000 for secondary ions. The 
amplitude of the noise signal was measured in two ways. The first 
method consisted of changing the sign of the voltage on the grid thus 
suppressing the ionizing electron beam. Alternatively, the ion beam as 
well as the ionizer, were left on and the mass analyser put in the 
programme mode. Any signal observed at the output of the lock-in 
amplifier was then taken as a noise signal. One of the many advantages 
of operating the gas analyser in the programme mode was that one could 
operate the ionizer at high current densities and not fatigue the mul­
tiplier with the high amplitude residual gas signal. This is because, 
in this mode, the only ions transmitted are those with an e/m ratio 
equal to that of the ions whose peak one is interested in.
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CHAPTER 4
SPUTTERED ATOM EJECTION PATTERNS
4.1 INTRODUCTION
This chapter is a presentation of the results of experiments 
on the sputtered atom ejection patterns from (111), (100) and (110) 
type surfaces of germanium and indium antimonide crystals, and (100) 
and (111) surfaces of silicon bombarded with 5, 10, 15 keV argon, neon 
and krypton ions. Such ejection patterns from semiconductor targets 
can help provide insight into the relevance or importance of various 
models advanced to explain directed ejection from single crystals.
It is perhaps worthwhile to comment, at this stage, on the 
nomenclature used in the thesis. Ejection patterns from the (hki) sur­
face of a given crystal will frequently be referred to as (hkjj) pat­
terns, while a spot due to directed ejection from the (hkT) crystal 
direction will be referred to as the (hM) spot. The notation (hkiO 
germanium will refer to the (hkiO surface of this substance. With 
III-V compounds the directions from III to V, and from V to III atoms 
will be called, respectively, (ill) and (ill) directions (Hilsum and 
Rose-Innes [1961]).
4.2 GENERAL OBSERVATIONS
The ejection patterns were initially examined for intensity 
distributions using a microdensitometer, but this was abandoned as the 
results were rather disappointing. The particular instrument used was 
not sensitive enough to follow the intensity variations on the thin 
films. Eventually PanPhot macroscopic equipment was used. With this 
equipment the patterns could be viewed with reflected or transmitted
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l i g h t ,  a n d / o r  w i t h  a m o d i f i e d  d a r k  f i e l d  a r r an g e m e n t ,  w h ic h  c o n s i s t e d  o f  
s m a l l  l i g h t  b u l b s  i n  a  c i r c l e  and a r r a n g e d  so t h a t  t h e  l i g h t  c r o s s e d  i n  
t h e  p l a n e  o f  t h e  s p u t t e r e d  f i l m .  D i s t a n c e s  f rom  t h e  c e n t r e  o f  t h e  p a t ­
t e r n  t o  p a r t i c u l a r  s p o t s  e t c .  w e r e  m e a s u r e d  u s i n g  a NAC f i l m  m o t i o n  
a n a l y s e r .  T h i s  i n s t r u m e n t  c o u l d  be u s e d  t o  m e a s u r e  a n g l e s  a s  w e l l  as  
f o r  o b s e r v a t i o n  o f  t h e  o v e r a l l  f e a t u r e s  o f  a p a t t e r n .
S i n g l e  c r y s t a l  p a t t e r n s  w e r e  o b t a i n e d  o n l y  a t  t a r g e t  t e m p e r a ­
t u r e s  ab o v e  t h e  t r a n s i t i o n  t e m p e r a t u r e ,  Ta ( v a l u e s  o f  Ta a r e  g i v e n  i n  
t h e  n e x t  c h a p t e r ) .  Below Ta,  t h e  s p u t t e r e d  m a t e r i a l  i s  i s o t r o p i c a l l y  
d i s t r i b u t e d  on t h e  c o l l e c t o r  ( s e e  F i g .  4 . 1 ) .  The d i s t r i b u t i o n  i s  more 
o r  l e s s  c o s i n e ,  p e a k e d  (b y  i n t e r p o l a t i o n )  on t h e  d i r e c t i o n  o f  i o n  beam 
i n c i d e n c e .  T h i s  d i s t r i b u t i o n  was i d e n t i c a l  i n  fo rm  f o r  a l l  c r y s t a l  
f a c e s .  At t e m p e r a t u r e s  ab o v e  Ta t h e  m a t e r i a l  i s  a n i s o t r o p i c a l l y  
d e p o s i t e d  on t h e  c o l l e c t o r ,  and t h e  r e s u l t i n g  p a t t e r n  had  t h e  symmetry  
o f  t h e  bombard ed  s u r f a c e .  Germanium an d  s i l i c o n  d e p o s i t s  d i d  n o t  
c h a n g e  w i t h  t e m p e r a t u r e  o n c e  Ta had b e e n  p a s s e d ,  t h a t  i s  up t o  t a r g e t  
t e m p e r a t u r e s  o f  4 50°  and 520°  r e s p e c t i v e l y .  On t h e  o t h e r  hand  t h e  
d e p o s i t  f rom i n d i u m  a n t i m o n i d e  s i n g l e  c r y s t a l s  c h a n g e d  w i t h  t e m p e r a t u r e  
f o r  t e m p e r a t u r e s  w i t h i n  a b o u t  100°  o f  Ta.  T h e s e  c h a n g e s  w i l l  be  d i s ­
c u s s e d  b e lo w .  T h a t  t h e  g e o m e t r y  o f  t h e  e j e c t i o n  p a t t e r n  was r e l a t e d  t o  
t h e  g e o m e t r y  o f  t h e  bombarded  s u r f a c e  c o u l d  be  s e e n  by r o t a t i n g  t h e  
t a r g e t .  The e j e c t i o n  p a t t e r n ,  f o r  a t a r g e t  a b o v e  t h e  t r a n s i t i o n  
t e m p e r a t u r e ,  r o t a t e d  i n  p h a s e  w i t h  t h e  c r y s t a l .
I t  was a t  t i m e s  o b s e r v e d  t h a t  a t o t a l  f l u o r e s c e n c e  o f  
2 X 1 0 17 i o n s  was n o t  a d e q u a t e  t o  y i e l d  a d e p o s i t  ' d e n s e '  enough  f o r  
e x a m i n a t i o n .  T h i s  o c c u r r e d  more  o f t e n  w i t h  s i l i c o n  t a r g e t s .  T h e r e  
w e r e  two c a u s e s  f o r  t h i s ,  one  b e i n g  t h a t  t h e  y i e l d  was t o o  low,  i n  
w h i c h  c a s e  i n c r e a s e  o f  bombardment  t i m e  y i e l d e d  an  ' o b s e r v a b l e '  e j e c ­
t i o n  p a t t e r n .  The s e c o n d  c a u s e  was c o n s i d e r e d  t o  be  o x i d e s  o f  s i l i c o n
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on  t h e  s u r f a c e  o f  t h e  c r y s t a l .  F a i l u r e  i n  o b t a i n i n g  a n i s o t r o p i c  e j e c ­
t i o n  p a t t e r n s  was f r e q u e n t l y  r e m e d i e d  by b o m b a r d in g  t h e  c r y s t a l  w i t h  a 
k r y p t o n  i o n  beam,  a f t e r  w h ich  a r e v e r s i o n  t o  n e o n ,  o r  a r g o n  y i e l d e d  t h e  
r e q u i r e d  r e s u l t .  A p p a r e n t l y  t h e  h e a v i e r  k r y p t o n  i o n s  e r o d e d  away much 
more  e a s i l y  a n y  o x i d e  l a y e r s  t h a n  may h a v e  fo rm ed  on t h e  s u r f a c e  a s  a 
r e s u l t  o f  t h e  e t c h i n g  p r o c e s s .
G e n e r a l l y ,  t h e  p a t t e r n s  o b t a i n e d  had more  b a c k g r o u n d  s c a t t e r
t h a n  p a t t e r n s  c o l l e c t e d  f rom m e t a l l i c  t a r g e t s .  The b a c k g r o u n d
i n c r e a s e d  w i t h  i o n  mass  and beam c u r r e n t  d e n s i t y .  An i n c r e a s e  i n  t h e
2
l a t t e r  o f  0 . 3  mA t o  1 . 7  mA/cm r e s u l t e d  i n  d e t e r i o r a t i o n  o f  p a t t e r n
q u a l i t y  i n  t h e  s e n s e  t h a t  s p o t s  w e r e  more  o b s c u r e d .  The c u r r e n t  d e n -
2 2s i t i e s  u s e d  i n  t h i s  s t u d y  w e r e  0 . 3  mA/cm and 1 mA/cm f o r  a l l  i o n s .
2
I t  was f e l t  t h a t  t h e  i n c r e a s e d  b a c k g r o u n d  a t  1 mA/cm d i d  n o t  p r e j u d i c e  
t h e  t r a n s i t i o n  t e m p e r a t u r e  d e t e r m i n a t i o n s  d i s c u s s e d  i n  c h a p t e r  6.  I t  
d o e s  n o t  f o l l o w ,  o f  c o u r s e ,  t h a t  m i n i m i z a t i o n  o f  t h e  i o n  c u r r e n t  d e n ­
s i t y  w i l l  l e a d  t o  a c o r r e s p o n d i n g  i m p r o v em en t  i n  q u a l i t y  d u e  t o  r e d u c e d  
b a c k g r o u n d .  Too low a c u r r e n t  m i g h t  l e a d  t o  t h e  u n d e s i r a b l e  s i t u a t i o n  
w h e r e b y  t h e  f l u x  o f  b a c k g r o u n d ,  r e a c t i v e  g a s e s  o n t o  t h e  t a r g e t  becomes 
c o m p a r a b l e  t o  t h a t  o f  t h e  i o n s ,  a s  d i s c u s s e d  i n  c h a p t e r  3.  The c o n ­
s e q u e n t  c o n t a m i n a t i o n  o f  t h e  s u r f a c e  c o u l d  l e a d  t o  d e t e r i o r a t i o n  o f  t h e  
s p u t t e r e d  a tom e j e c t i o n  p a t t e r n s .
The b a c k g r o u n d  was c o n s i d e r e d  a s  c o n s i s t i n g  o f  two c o m p o n e n t s .  
F i r s t l y ,  t h e r e  was a co m ponen t  w h i c h  upon  d e p o s i t i o n  on t h e  c o l l e c t o r ,  
r e s u l t e d  i n  a p a t t e r n  w h i c h  assumed  t h e  symmet ry  o f  t h e  bombarde d  s u r ­
f a c e .  T h i s  com ponen t  was c o n s i d e r e d  t o  a r r i v e  f rom  c o r r e l a t e d  c o l ­
l i s i o n s  i n  t h e  t o p  s u r f a c e  l a y e r s  a s  p u t  f o r w a r d  by H a r r i s o n  e t  a l .  
[ 1 9 6 8 ] .  The o t h e r  c o m p o n e n t ,  t h e  random co m p o n en t ,  was c o n s i d e r e d  t o  
a r i s e  f rom t h r e e  p o s s i b l e  s o u r c e s ,  n am e ly  e v a p o r a t i o n  f rom t h e r m a l  
s p i k e s  (Thompson e t  a l .  [ 1 9 6 2 ] ;  N e l s o n  [ 1 9 6 5 ] )  l o c a l i z e d  a t  i o n  i m p a c t
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p o i n t s  in  t h e  s u r f a c e  l a y e r s ,  and e j e c t i o n  from randomized r e g i o n s  i n  
t h e  t a r g e t  and from u n c o r r e l a t e d  c o l l i s i o n s .  The work o f  Nelson [1965] 
showed t h a t  e v a p o r a t i o n  from th e r m a l  s p i k e s  on p o l y c r y s t a l l i n e  
germanium t a r g e t s  bombarded w i t h  45 keV xenon i o n s  d id  no t  become s i g ­
n i f i c a n t  t i l l  t a r g e t  t e m p e r a t u r e s  o f  a bou t  600 °C ( F i g .  1 . 4 ) .  The 
germanium and s i l i c o n  t a r g e t s  t o  t h e r m a l  f r a c t i o n  o f  t h e  s p u t t e r i n g  
y i e l d  was c o n s i d e r e d  i n s i g n i f i c a n t  f o r  two r e a s o n s .  The f i r s t  was t h a t
t h e  t a r g e t s  d i d  n o t  r e a c h  t e m p e r a t u r e s  above 0 . 5  T where  T i s  t h e
m m
m e l t i n g  p o i n t ,  w h i l e  t h e  second was t h a t  t h e  background  d i d  no t  seem t o  
i n c r e a s e  w i t h  t e m p e r a t u r e .  With ind ium a n t i m o n i d e  c r y s t a l s  t h e  s i t u a ­
t i o n  was a b i t  more complex.  To b e g i n  w i t h  t h e  t a r g e t  r e a c h e d  t e m p e r a ­
t u r e s  o f  up t o  0 . 8  T . T h e r e f o r e  a t  such t e m p e r a t u r e s  t h e r e  sho u ld  bem
a s i g n i f i c a n t  component  o f  t h e  s p u t t e r i n g  y i e l d  a r i s i n g  from th e r m a l  
s p i k e s .  I n  a d d i t i o n  t h e  p a r t i a l  vapour  p r e s s u r e s  o f  an t imony  and 
ind ium a r e  q u i t e  h ig h  a t  e l e v a t e d  t e m p e r a t u r e s  ( s e e  F i g .  5 . 1 ) .  Con­
s e q u e n t l y  s u b l i m a t i o n  o f  ant imony  i n  p a r t i c u l a r ,  and t o  a l e s s e r  e x t e n t  
ind ium s h o u ld  o c c u r .  On t h e  o t h e r  hand t h e  i o n  bombardment  p r o c e s s  
i n d u c e s  damage i n  t h e  c r y s t a l  i n  t h e  manner d i s c u s s e d  in  c h a p t e r  2. At 
t h e  t a r g e t  t e m p e r a t u r e s  o f  i n t e r e s t  t h e  damage a n n e a l s  r a t h e r  q u i c k l y  
(Zwangobani  e t  a l .  [ 1 9 7 1 ] ) .  However, d u r i n g  t h e  c o u r s e  o f  a n n e a l i n g ,  
some e j e c t i o n  o c c u r s  f rom t h e  random ized  r e g i o n s  c e n t r e d  on t h e  t r a c k  
o f  each io n .
The i n c r e a s e  i n  t h e  random background  w i t h  i n c r e a s e  i n  i o n  
mass has  been o b s e rv e d  by o t h e r s  (N e l s o n  [ 1 9 7 1 ] ) .  Nelson  o b s e rv e d  t h a t  
t h e  random component  o f  (100)  go ld  bombarded by 50 keV neon,  a rgon ,  
xenon and go ld  i o n s  i n c r e a s e d  w i t h  i o n  mass. A c c o rd ing  t o  Nelson  t h e  
i n c r e a s e  o c c u r r e d  as  a r e s u l t  o f  an i n c r e a s e d  number o f  random c a s c a d e s  
i n t e r s e c t i n g  t h e  s u r f a c e .  Th i s  was more l i k e l y  t o  oc c u r  w i t h  t h e  
h e a v i e r  i o n s  whose r a n g e s  were  o f  t h e  o r d e r  o f  t h e  d im e n s io n s  o f  t h e
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cascades. It is felt that an effect similar to that discussed by 
Nelson was responsible for the observed increase in the random back­
ground.
4.3 THE EJECTION PATTERNS
Photographs of representative sputtered atom ejection pat­
terns collected are shown in Figs. 4.2-4.8. Difficulties were 
experienced in photographing the patterns. The intensity variations 
were hard to reproduce faithfully, so that some details, though dis- 
cernable on the collector, might not appear on the photograph.
(100) Germanium: Four (ill) spots were observed, and can be
seen in Fig. 4.2. The angle of each spot with respect to the (lOO) 
axis (whose extension was through the centre of the pattern) was about 
50 ± 2°. The sides of the pattern describe the loci of the intersec­
tion of the (110) planes with the collector. As shown in Fig. 4.2 the 
deposit has three distinct features, namely the inner dark square, the
outer light square, and the spots. If bombardment was continued past
18 -2the dose of 3 X 10 ions cm the inner square was observed to grow
outwards until it covered the light one and the spots. Further bom-
18 -2bardment, to 6 X 10 ions cm for example, resulted in a ring being 
deposited around the square with a hollow (less intense) zone between 
the ring and the sides of the square. Continued bombardment then only 
resulted in the pattern getting thicker. This effect is shown in 
Fig. 4.4 for the (111) pattern.
(110) Germanium: The (110) pattern had the twofold symmetry
of the (110) surface with sides parallel to extensions of (110) planes. 
There were either strong suggestions of (ill) and (lOO) spots at the 
corner of the rhombic pattern or streaks extending radially to the 
perimenter of the pattern. Such streaks are visible in the reproduction
Fig. 4.1: Isotropic ejection
pattern from (111) silicon 
bombarded at 403 °C with
1 5 keV 0-1 mA cm^ Kr+
1Q 2(1 X 10 ions cm ).
/
Fig. 4.2: (100) pattern from
germanium bombarded at 403 °C 
with 10 keV 0.3 mA cm8 Ie+
(3 X 1 0^  8 ions cm V
Fig. 4.3: Ejection pattern
from (110) germanium bom­
barded at 360 °C with 
2 -f-10 keV 0.3 mA cm Ne 
(3 X TO18 ions cm 8).
Fig. 4.4: (111) ejection
pattern from germanium bom­
barded at 330 °C 5 keV 
0.4 mA cm8 Kr"8 (3 X 10^’ 
ions cm8).
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in Fig. 4.3. The pattern shown was collected from (110) germanium bom­
barded with 10 keV, 1 mA/cm" argon ions at 360 °C. Since the spots 
were never well defined measurement of their angles with respect to the
(110) direction was inaccurate. In some of the deposits a central 
hollow (llO) spot was observed. The half-angle of this spot was found 
to be 14 ± 3°. The sides of the pattern were parallel to the intersec­
tion of the extension of (110) planes with the collector. Again three 
features stood out in these patterns - two rhombuses and the streaks. 
The inner rhombus grew to the same extension as the outer one on 
prolonged bombardment. The ring and the zone of light intensity were 
not as well defined as in the (100) and (111) ejection patterns.
(Ill) Germanium: The zones of light intensity with a dense
hexagonal-shaped band around them, appeared in (111) patterns at high 
doses. These details do not stand out very well in Fig. 4.4. In some 
of the patterns the edges of the inner hexagonal structure were more 
dense than the deposit inward towards the centre. The (111) patterns 
were generally collected with the glass plates closer to the target 
than in the other patterns on account of the large angle between the
(111) direction and the (ill) spots, i.e. 70.3°. The actual angles
omeasured were about 57 ± 3 .
(100) and (111) Silicon: Ejection patterns from silicon tar­
gets were rather visually attractive because of their interference 
colours (Fig. 4.5a,b). Apart from that they had no other special 
features. The orientation of the patterns was identical to the (100) 
and (111) germanium deposits. Difficulties, as discussed above, were 
experienced with silicon targets, and consequently the failure to 
obtain spots could be regarded in this light.
(Ill) Indium Antimonide: Deposits obtained from bombardment
of indium antimonide surfaces exhibited a marked temperature dependence
/4S
Fig. 4.5a: (100) pattern from
silicon bombarded at 500 °C
with 5 keV 0.4 mA cm^ A+
19 2(1 X 10 ions cm ).
Fig. 4.5b: (111) pattern from
silicon at 490 °C and bom-
2barded with 10 keV 0.3 mA cm
+  19 -  2Kr ( 1 X 1 0  ions cm ).
Fig. 4.6a: 170 °C Fig. 4.6b: 233 °C
Ejection patterns from (111) indium antimonide
2 +bombarded with 10 keV 0-1 mA cm A with the target 
at the temperatures shown.
/4-6s
F i g .  4 . 7 :  E j e c t i o n  p a t t e r n
f rom  (110)  InSb  bombarded
w i t h  10 keV 0 .3  mA cm^ A+
, - n l 8  • ” 2*( 1 0  i o n s  cm ) .
2H °C
F i g .  4 . 8 a :  (100 )  p a t t e r n  from
ind iu m  a n t i m o n i d e  bombarded 
w i t h  15 keV flblmA cm^ Ne+ 
( 1 0 18 i o n s  cm ^ ) .
Fig .  4 . 8 b :  (100)  p a t t e r n  from i n d iu m  a n t im o n id e
2 + i ß  2
bombarded w i t h  15 keV Q-l mA cm Ne (10 i o n s  cm ) .
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in two other ways apart from the already mentioned dependence on trans­
ition temperature. At target temperatures less than about. IOC C above 
Ta the hexagonal shaped (111) ejection pattern showed three sharply 
contoured (llO hollow patches which flared out as can be seen in the 
photograph in Fig. 4.6. The patches coalesced at temperatures close to 
Ta. As the temperature was increasd they became smaller and more 
localized with their apexes at the (llO) corners of the hexagonal 
deposit. Above about 300 °C a more semicircular geometry was assumed. 
Streaks appeared at the (100) corners of the hexagon. The patches are 
given the (llO) designation because their apexes coincided with the
(110) ejection direction. An analogous reason applies to the \100) 
streaks. Actually the spatial extent of the conical hollow deposits 
suggest they originate from more than a single source. Both (llO) and
(111) directed ejection contribute to their formation.
(110) Indium Antimonide: An ejection pattern from this sur­
face is shown in Fig. 4.7. Flared (ill) patches were also obtained in
(110) patterns. These patches were not as broad as those from the
(111) surfaces. Streaks replaced these at higher temperatures. At
higher temperatures still two (ill) spots were observed, with one spot
much thicker than the other. These spots were at 27 ± 3  from the
o(llO) axis, and the thicker one had a half angle of 8 ± 3 . This spot 
appeared bluish when viewed in reflected light. \100) spots were not 
observed.
(100) Indium Antimonide: The patterns obtained from (100)
indium antimonide were unique in that at temperatures not too high 
above the transition temperature the patterns had a twofold symmetry. 
The reproduction in Fig. 4.8a, shows this. Twofold symmetry occurred in 
the sense that patches as those shown were never observed in a fourfold 
symmetry configuration. At most, prominent streaks at right angles to
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t h e  p a t c h e s  w e r e  o b s e r v e d »  At h i g h  t e m p e r a t u r e s  t h e  p a t t e r n  assumed  
f o u r f o l d  symmetry  w i t h  f o u r  s t r e a k s  a t  t h e  c o r n e r s  o f  t h e  s q u a r e  a s  in  
F i g .  4 . 8 b .  At  h i g h e r  t e m p e r a t u r e s  t h e  p a t t e r n  d e v e l o p e d  i n t o  one  
s i m i l a r  t o  t h a t  o f  ( 1 0 0 )  ger manium w i t h  ( i l l )  s p o t s  a t  50 ± 3°  t o  t h e  
( 1 0 0 )  a x i s .
4 . 4  LATTICE STRUCTURE
B e f o r e  p r o c e e d i n g  t o  d i s c u s s  t h e  o b t a i n e d  e j e c t i o n  p a t t e r n s  
i t  i s  c o n s i d e r e d  w o r t h w h i l e  t o  d i s c u s s  b r i e f l y  t h e  l a t t i c e  s t r u c t u r e  o f  
t h e  t a r g e t  s u b s t a n c e s .
S i l i c o n  and ge rman ium,  on t h e  one h a n d ,  and in d i u m  a n t i m o n i d e  
on t h e  o t h e r ,  c r y s t a l l i z e  i n t o  d iamond and z i n c  b l e n d e  l a t t i c e  s t r u c ­
t u r e s  r e s p e c t i v e l y .  Both  l a t t i c e  s t r u c t u r e s  b e l o n g  t o  t h e  t e t r a h e d r a l  
p h a s e  i n  w h i c h  e a c h  a tom l i e s  a t  t h e  c e n t r e  o f  g r a v i t y  o f  f o u r  n e a r e s t
n e i g h b o u r s .  B on ding  b e t w e e n  t h e  c e n t r e  a to m  and any one o f  t h e  n e a r e s t
3
n e i g h b o u r s  i s  by means  o f  two e l e c t r o n s  o f  o p p o s i t e  s p i n s  ( s p  b o n d s ) .  
The b o n d i n g  i n  t h e  e l e m e n t a l  s e m i c o n d u c t o r  c r y s t a l  s t r u c t u r e s  i s  
p u r e l y  c o v a l e n t .  In  c o n t r a s t ,  p a r t l y  c o v a l e n t  and p a r t l y  i o n i c  b o n d i n g  
o c c u r s  i n  I I I - V  compound c r y s t a l s .  The d iam ond  and z i n c  b l e n d e  l a t t i c e s  
c a n  be  c o n s i d e r e d  a s  two i n t e r p e n e t r a t i n g  f e e  l a t t i c e s  d i s p l a c e d  f rom 
e a c h  o t h e r  by a q u a r t e r  o f  a cu b e  d i a g o n a l .  I n  t h e  z i n c  b l e n d e  c r y s t a l s  
t h e  a t om s  o f  t h e  Group I I I  e l e m e n t  o c c u p y  t h e  s i t e s  o f  t h e  f i r s t  f e e  
l a t t i c e  w h i l e  t h e  a toms  o f  t h e  g r o u p  V e l e m e n t  o c c u p y  t h o s e  o f  t h e  
s e c o n d .
F i g u r e s  4 . 9 a , b , c  a r e  s c h e m a t i c  r e p r e s e n t a t i o n s  o f  t h e  ( 1 0 0 ) ,  
( 1 1 0 )  and ( 1 1 1 )  s u r f a c e s  o f  t h e  z i n c  b l e n d e  l a t t i c e  s t r u c t u r e  when 
v i e w e d  f rom ab o v e .  T h e s e  d i a g r a m s  a l s o  r e p r e s e n t  t h e  same s u r f a c e s  o f  
germanium  and s i l i c o n  i f  a l l  t h e  a t om s  a r e  r e g a r d e d  a s  i d e n t i c a l .  In  
t h e  ( 1 0 0 )  s u r f a c e  e v e r y  a tom i s  bond ed  t o  two o f  t h e  n e a r e s t  n e i g h b o u r s
149
( ^ p )  laY£-*s i  3
( ” )  2  *<**, q_
^  ^ &c-T /0 ^ / P /Q T  r  £ .# /> (
F i g .  4 . 9 a :  P l a n  o f  i d e a l  (1 00)  s u r f a c e  o f  t h e  z i n c  b l e n d e  l a t t i c e .
©  ©  *S+ I Ayer«
0  Q  <2 no/ /. A y/f*  .
______  £  T t-c-rrO N  7C/y.
F i g .  4 . 9 b :  P l a n  o f  i d e a l  (110)  s u r f a c e  o f  t h e  z i n c  b l e n d e  l a t t i c e .
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In or 5>b.
$!> t rr I n
Fig. 4.9c: Plan of ideal (111) surface of the zinc blende lattice.
in the plane just below. This means that two of its bonds are free 
(dangling). This situation prevails whether the top layer is occupied 
by Group III or Group V atoms. The (110) surface, in contrast, is 
occupied by equal numbers of Group III and Group V atoms each bonded to 
one neighbour below the plane, and to two neighbours in the surface 
leaving one dangling bond. For the (111) surfaces two possibilities 
exist. If the surface layer is occupied by Group III atoms each of 
these will be connected to three Group V atoms in the layer immediately 
below, leaving one bond dangling. The other case arises if Group V 
atoms occupy the surface layer. Then each of these will be bonded by 
one bond to a Group III atom immediately below with the result that 
three bonds will be dangling. The atomic planes connected by three 
bonds per atom have a separation of 0.433 d,' while chose connected by 
one bond per atom have a separation of 1.3 d, where d is the lattice 
constant. Thus (ill) and (ill) directions are not equivalent. Table 
4.1 gives the interatomic distances along the three close packed
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TABLE 4.1
Lattice_Parameters of Ge, Si and InSb
Substance
Interatomic Distance 
od. , n in A hk£
Interplanar Distance 
oP, , „ in A hki
(100) (no) (ill ) (100) (110) on)
Germanium 5.65 4. 01 4.88 1 .40 1 .98 1 .61
Silicon 5.43 3.80 4.66 1.36 1 .90 1 . 54
Indium Antimonide 6.48 4.60 5.60 1 .63 2.28 1 .86
directions and the distances between planes lying at right angles to 
the given directions in germanium, silicon and indium antimonide. It 
has been found, however, that clean surfaces of germanium and silicon 
(Schlier et al. [1959]; Lander et al. [1962, 1963a,b]; Hansen et al. 
[1964]) and indium antimonide (Haneman [1960, 1961]; MacRae et al. 
[1964]) exhibit superlattice structure. That is, the translational 
periodicities of a unit mesh on the surface equals multiples of those 
found on bulk planes parallel to the surface. Such a surface is called 
a 'reconstructed' surface. These observations were made in the course 
of low-energy electron diffraction (LEED) work, during which 'extra' 
beams were observed in the diffraction patterns in addition to 'normal' 
beams expected from an ideal surface described as a simple termination 
of the bulk crystal. As has been mentioned above, the atoms on an 
ideal surface have some bonds dangling. There is a tendency, however, 
towards minimization of the number of these free bonds per surface atom 
as a result of which some double bonds would be formed. Eventually 
migration of surface atoms occur. The bond lengths and angles are dis­
torted and thus surface reconstruction occurs. All surfaces of 
germanium and silicon have been observed to reconstruct. (100) and
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(111)  s u r f a c e s  o f  indium an t im on ide  r e c o n s t r u c t e d  bu t  t h e  (110) s u r f a c e  
d i d  n o t .  F i g u r e  4 .1 0  i s  a r e c o n s t r u c t e d  s u r f a c e  o f  (111)  ind ium 
a n t i m o n i d e  as p roposed  by Haneman [1961] .
-------------  G stored r a y  or= ( m )  E i f e r t e n
F i g .  4 . 1 0 :  Model o f  a (111)  r e c o n s t r u c t e d  s u r f a c e  o f  t h e  z i n c  b l e n d e
l a t t i c e  ( a f t e r  Haneman [1961]) .
4 . 5  DISCUSSION OF RESULTS
The o c c u r r e n c e  o f  e j e c t i o n  p a t t e r n  s p o t s  and o t h e r  f e a t u r e s  
o f  d i r e c t e d  e j e c t i o n  r a i s e s  t h e  q u e s t i o n  o f  w h e th e r  momentum p r o p a g a t e s  
by means o f  s im p le  focused  sequences  o r  by some o t h e r  a n i s o t r o p i c  
mechanism.
A p p l i c a t i o n  o f  e q u a t i o n  ( 1 .3 0 )  and Abrahamson [1969] con­
s t a n t s ,  g i v e s  t h e  r e s u l t  t h a t  t h e  S i l s b e e  f o c u s i n g  e n e r g i e s  f o r  t h e
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( lOO) and ( i l l )  d i r e c t i o n s  o f  s i l i c o n ,  german ium  and i n d iu m  a n t i m o n i d e  
a r e  t o o  low f o r  t h e  p r o p a g a t i o n  o f  s i m p l e  f o c u s e d  s e q u e n c e s .  The f o c u s ­
i n g  e n e r g i e s  f o r  t h e  (11 0)  d i r e c t i o n s  o f  ge rman ium  and i n d i u m  a n t i m o n i d e  
a r e  26 eV and 37 eV r e s p e c t i v e l y ,  w h i l e  t h e  v a l u e  f o r  t h a t  o f  s i l i c o n  
i s  9 eV. On t h e s e  f i g u r e s  a l o n e  and f o r  s i n g l e  ' i s o l a t e d '  rows f o c u s e d  
c o l l i s i o n  s e q u e n c e s  w ou ld  p r o p a g a t e  i n  ge rman ium  and i n d i u m  a n t i m o n i d e ,  
b u t  n o t  i n  s i l i c o n .  The d i s p l a c e m e n t  e n e r g i e s  a r e  13 eV f o r  s i l i c o n  
and ger manium,  and 5 . 7  and 6 . 6  eV f o r  i n d i u m  and a n t i m o n i d e  ( B a u e r l e i n  
[ 1 9 6 2 ] )  r e s p e c t i v e l y  i n  i n d i u m  a n t i m o n i d e .  However (1 1 0 )  rows i n  s e m i ­
c o n d u c t o r  l a t t i c e s  e x i s t  i n  n e i g h b o u r i n g  p a i r s  s u c h  t h a t  t h e  d i s t a n c e  
b e t w e e n  s u c c e s s i v e  a t om s  i n  a row i s  l a r g e r  t h a n  t h e  p e r p e n d i c u l a r  d i s ­
t a n c e  b e t w e e n  t h e  r o w s .  However,  t h e  o c c u r r e n c e  o f  s u c h  a c l o s e  p a i r  
o f  t h e s e  rows r a i s e s  t h e  p o s s i b i l i t y  o f  some fo rm  o f  c o o p e r a t i v e  
momentum f o c u s i n g  mechan i sm  b e tw e en  them .  A p a i r  o f  ( l l O)  rows o f  a 
d iam on d l a t t i c e  s t r u c t u r e  a r e  shown i n  F i g .  4 . 1 1 a .  For  ger manium t h e  
p o t e n t i a l  o f  a tom Q, midway b e t w e e n  a t om s  P and R, i s  a b o u t  107 eV, 
w h i l e  t h a t  o f  R a t  0 i s  a b o u t  13 eV. T h e s e  v a l u e s  w e r e  c a l c u l a t e d  
u s i n g  t h e  B or n-M ayer  p o t e n t i a l  w i t h  A b r a h a m s o n ' s  [1969]  c o n s t a n t s .  At 
a d i s t a n c e  midway b e t w e e n  p o i n t s  P and 0 t h e  p o t e n t i a l  d u e  t o  Q h a s  
f a l l e n  t o  35 eV, w h i l e  t h a t  o f  R i s  0 . 4  eV a t  t h e  same p o i n t .  T h e s e  
v a l u e s  i l l u s t r a t e  t h a t  f o r  m o t i o n  a l o n g  t h e  row o n l y  h i g h  e n e r g y  
(>  107+)  p a r t i c l e s  c a n  p e n e t r a t e  p a s t  t h e  p o i n t  0 .  More e n e r g y  i s  
r e q u i r e d  f o r  a n  a tom t o  move b e tw e en  t h e  rows t h a n  o u t s i d e  them .  T hus ,  
a tom  Q w i l l  d e f l e c t  p a r t i c l e s  o f  m o d e r a t e l y  h i g h  t o  low e n e r g i e s  moving 
a l o n g  PR s c a t t e r i n g  them o u t  o f  t h e  l i n e  o f  a t o m s .  However ,  s u c h  a 
d e f l e c t e d  a tom c o u l d  c o l l i d e  w i t h  a f o r w a r d  member o f  t h e  row ,  s u ch  as  
R, s e n d i n g  i t  i n t o  a f o r w a r d  t r a j e c t o r y  w h i c h  w i l l  b r i n g  i t  i n t o  c o l ­
l i s i o n  w i t h  e i t h e r  o r  b o t h  o f  i t s  n e a r e s t  n e i g h b o u r s .  Atom R w i l l  
a g a i n  be  d e f l e c t e d  o u t  o f  t h e  row and t h e  c o l l i s i o n s  c a r r i e d  on by t h e
15 4
+ O
F i g .  4 . 1 1 a :  Diagram o f  two n e ig h b o u r in g  ( l l O)  rows i n  a diamond
s t r u c t u r e  l a t t i c e .
© --P ^ 'W  Q-'G 
D Vs Q o
F i g .  4 . 1 1 b :  C o l l i s i o n  sequences  i n  InSb.  (Numbers g i v e  e n e r g i e s  o f
moving atoms i n  e V . ) ( A f t e r  Yurasova  e t  a l .  [ 1 9 6 6 ] . )
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subsequent generation of struck atoms. That such a collision sequence 
is possible is illustrated in the computer results of Yurasova et al. 
[1966] who calculated the propagation of collisions in indium anti- 
monide. This substance has the additional complication that the two 
close rows are composed of atoms of different atomic numbers. These 
authors therefore used one potential for Sb-In (or In-Sb) collisions, 
and another one for Sb-Sb (or In-In) collisions. The lattice atoms 
were treated as hard spheres and the collision radius determined from a 
screened Coulomb potential of the Born-Mayer type. The results of the 
calculations are shown in Fig. 4.11b. Collisions are seen propagating 
in the (ill) and (llO) directions. The cooperative focusing mechanism 
is clearly seen along the (llO) rows with the moving atom scattered out 
of the row after a collision. The term 'cooperative focusing' is used 
in the sense that the atoms in the neighbouring rows, by carrying out 
the scattering described, transmit momentum along the row. In this 
sense momentum is focused in the forward direction along the line of 
atoms. In Fig. 4.11b an assisted focusing mechanism is apparent along 
the (ill) row. It is interesting that these sequences are propagating 
into the lattice, which result was also found by Ostry et al. [1970]. 
Moreover, it is evident from the diagram that collisions that lead to 
ejection are subsurface collisions, with one of these resembling the 
mole ejection mechanism of Harrison et al. [1968].
It can be assumed that Yurasova et al. [1966] did not take 
thermal vibrations into account. The (llO) collision sequences of the 
type discussed above would be sensitive to relative movements of the 
members of the rows. Such relative motion could arise from thermal 
energy or from relaxations arising from collisions with particles being 
channelled into the crystal. Assuming that the (110) sequence propa­
gates to the surface, the consequent (llO) directed ejection rate
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should result in a. hollow spot since every other atom of the row is 
emitted at a large angle with respect to the row. Such a mechanism 
explains the (110) hollow patches, though only in part. Other authors 
have invoked the (llO) defocused ejection to explain their results. 
Southern et al. [1963], who obtained (llO) hollow spots from 1-5 keV 
argon bombardment of indium antimonide, suggested that momentum was 
defocused along (llO) rows. Yurasova et al. [1966] found the patches 
developed from (110), (ill) and (ll4) ejection. An interesting point 
that arises from the results is that if (ill) ejection contributes 
material to the patches then one would expect the latter to have 
thicker regions within them since the above ejection should result in 
the formation of a dense spot. No such structure within the patches 
was observed.
The rate of ejection from (ill) rows is, according to current 
models, above the average. Therefore (ill) spots should be thicker 
than the background. The Lehmann and Sigmund [1966] model predicts 
(ill) spots from the surfaces of diamond and zinc blende lattice struc­
tures. According to this model directed ejection occurs when the atom 
in the second layer from the surface (e.g. the indium atom in Fig. 4.12) 
gets ejected through an assisted focusing mechanism arising from the 
three atoms forming a ring around the (ill) axis (Fig. 1.13a). Second 
ejection could also occur if the same atom in the second layer is 
involved in a head-on collision with one of the ring atoms (see Fig. 
1.13b). The former mechanism will lead to a dense spot while the 
latter should result in a hollow one because of the large angular 
spread (about 120°) of the ejected material. After ejection the con­
figuration shown in Fig. 4.12 should collapse unless a replacement 
sequence of the type suggested by MacDonald [1970b], has occurred sub­
stituting an antimony atom for the indium atom along the axis. From
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Fig. 4.12: Assisted focusing ring in the (ill) direction of a zinc
blende lattice.
the asymmetry of the (ill) and (ill) rows in III-V compounds antimony 
and indium should predominate in the (ill) and (ill) directions respec­
tively. Kapusta and Lebedev [1970] obtained such a result from (101) 
indium antimonide ejection patterns, which result was considered by the 
authors as confirming the Lehmann and Sigmund model.
The MacDonald [1970b] model of (ill) assisted focusing gives 
a focusing energy of about 283 eV in indium antimonide indicating the 
feasibility of such collision sequences along this axis. The assisted 
focusing energies for silicon and germanium are respectively 106 eV and 
377 eV (MacDonald et al. [1970a]). As has been mentioned in chapter 1, 
this model neglects the two end rings shown in Fig. 1.12. However, 
according to the Lehmann and Sigmund model, as discussed above, when 
the last ring is in the surface its influence on the trajectory of the 
moving atom is predominant in the formation of a spot. This is also 
the view taken by Farren and Scaife [1968]. These authors suggested a
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(ill) assisted focusing mechanism arising from the ring of three atoms 
as shown in Fig. 4.12. A collision between the antimony and indium 
atoms could then be followed by an assisted focusing of the moving atom. 
After ejection of the indium atom, according to Farren and Scaife 
[1968], the configuration collapsed with subsequent random ejection.
Thus, according to these models (ill) ejection should result 
in above average deposition of material into the (ill) spots. The 
occurrence of (ill) spots from (100) and (111) surfaces of germanium is 
in agreement with these models. However, spots are also predicted for 
(ill) ejection from silicon but the result in this case was negative.
It should be mentioned that the (ill) assisted focusing energies for 
silicon and germanium are 3 eV and 50 eV respectively if Brinkman con­
stants are used. These constants were calculated for the Born-Mayer 
potential
V(r) = A exp(- r/b) (4.1)
using the Brinkman expression given by Thompson [1964] i.e.
and
A -52.58 X 10 eV
b
1.5a
lV
oA
(4.2)
(4.3)
where Z_ is the atomic number of the lattice atom and a is the Bohr 2 o
radius of the hydrogen atom. The energies obtained using these con­
stants indicate the feasibility of assisted focused collisions in 
germanium but not for silicon since 3 eV is below the displacement 
energy for silicon atoms. Thus the lack of (ill) spots from silicon 
could be confirmation of the (ill) assisted focusing model of MacDonald. 
Returning to the (110) ejection it is interesting that hollow 'spots' 
from germanium and silicon are expected on the basis of the cooperative
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focusing mechanism. However, such a spot was obtained from the (110) 
surface of germanium only, but was not observed on any of the ejection 
patterns from silicon. The large angular spread (half angle 40° to 60°) 
of the (110) patches suggests a source in the surface layers.
The (100) pattern from indium antimonide had twofold symmetry 
at temperatures not too high above the transition temperature. The
(100) patterns published by Agranovich et al. [1970] who used a 
spherical, cooled collector also show this twofold symmetry. A ring 
structure, as described above, was observed on germanium patterns at 
high doses, but not on indium antimonide patterns. To consider these 
and other effects the physical effects that occur on the surface, and 
on the collectors will be examined.
It is instructive, at this stage, to examine the effects on 
ejection patterns of reconstruction of surface layers, assuming such 
reconstruction occurs during bombardment. To begin with, to the 
author's knowledge, no reconstructed surfaces have been reported for 
(110) surfaces of germanium and silicon. In contrast, a certain amount 
of reconstruction was observed on (110) surfaces of indium antimonide. 
MacRae and Gobeli [1964] studied the reconstructed surfaces of (110) 
crystals of a series of III-V compound semiconductors, including indium 
antimonide. These authors concluded that the surface atoms were dis­
placed from their equilibrium positions in the ideal structure, the 
dimension of the primitive cell remaining the same. Their model fitted 
results if it was assumed that the groups III and V atoms were dis­
placed relative to each other in such a way, for example, that the 
group III atoms (indium) were displaced away from the substrate, in 
contrast to group V atoms which were displaced towards it. Such a 
reconstruction would result in an increase (decrease) of the inter- 
planar distance in the top two layers if the rows intersecting the
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surface terminated with indium (antimony). The result of a decrease in 
the interplanar spacing is that the ejection angle will be deviated 
away from the normal. The reverse is true for an increase. Therefore 
the two effects compensate each other and there should be no resultant 
effect on the ejection pattern.
The reconstructed surface of (111) indium antimonide is shown 
in Fig. 4.10. The geometry of the ejection pattern that could result 
from such a surface is indicated. This geometry is identical to the 
one shown in Fig. 4.9a. Hence again here reconstruction would not lead 
to a transformation of the ejection pattern. MacDonald [1970a] showed 
that reconstruction of (100) surfaces of germanium did not affect the 
ejection patterns from this surface. It appears, therefore, that apart 
from a shifting of ejection angles reconstruction of the surface is not 
extensive enough to radically alter the ejection patterns. It is, how­
ever, tempting to ascribe the twofold symmetry of the (100) ejection 
pattern to such reconstruction. Two models of the (100) reconstructed 
surface of indium antimonide have been proposed, one by Haneman [1961] 
and the other by Schlier and Farnsworth [1957]. In the Haneman [1961] 
model surface atoms in every second row are raised with respect to the 
neighbouring rows. With reference to Fig. 4.9a the surface atom in the 
centre of the square representing the ejection pattern would be raised 
with respect to its neighbours at the corners of the square. In the 
model proposed by Schlier and Farnsworth the tendency towards minimiza­
tion of dangling bonds causes surface rows to approach each other in 
pairs, double bonds being formed between the surface atoms. Again with 
reference to Fig. 4.9a a neighbouring pair of the three (lOO) surface 
rows within the dotted square will approach each other while the third 
is approached by a neighbour on the outside of the square. A structure 
with twofold symmetry results from such a rearrangement. Even though
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the symmetry of the reconstructed surface coincides in this case with 
that of the ejection pattern it is difficult to see what collision 
processes would actually result in the observed ejection pattern.
It must be remembered, however, that reported reconstructed 
surfaces are 'ideal' structures obtained under static conditions, and 
therefore bearing superficial resemblance to a surface that is being 
bombarded. A surface undergoing irradiation will have such processes 
as sputtering, surface diffusion, annealing of damage, desorption and 
absorption of injected gas atoms etc. going on during the bombardment. 
Therefore, any reconstruction that occurs will be controlled by 
processes of that kind. In addition if any significant reconstruction 
occurred it is unlikely that a unique surface structure would result in 
view of the widely diverse dynamic conditions pertaining on the bom­
barded surface. Furthermore, Lander et al. [1963] have shown with 
silicon and germanium that the assumed surface structure depends on the 
past history and temperature of the crystal.
A partial explanation for the alterations of (llO) patches 
from indium antimonide is connected with the temperature of the collec­
tor. On account of its proximity (6-8 mm) to the heated target, the 
collector reaches temperatures of the order of 40° to 120 °C with 
indium antimonide targets. It reaches higher temperatures if the tar­
get is germanium or silicon, but these substances are not considered in 
this aspect since they form elemental targets. The sticking coef­
ficients of indium and antimony will depend on the temperature of the 
collector (Giinther [1966]) and so will surface migration of the con­
densed particles. Agranovich et al. [1970] found the sticking coef­
ficient of antimony on aluminium to be less than that of indium. In 
addition it should be remembered that these elements are not ejected in 
stoichiometric ratios in all directions - for example, antimony should
predominate in (ill) directions. It is suggested then that surface 
migration taking place on the collectors is responsible to some degree 
for the observed behaviour. Agranovich et al. [1970] showed the change 
of the patterns with collector temperature. These authors were able to 
exercise some control on the temperature of their collector by cooling 
it with liquid nitrogen or water. The ejection patterns from (111) and 
(111) faces of indium antimonide were then observed as functions of col­
lector temperature and bombardment time. Their published photographs 
show distinct changes of the patterns with collector temperature. How­
ever, the changes were not extensive since their patterns from collec­
tors at liquid nitrogen temperature are not dissimilar to the ones 
obtained on the uncooled collectors in this study.
The streaks in the patterns are thought to occur as a result 
of channelling along (110) planes which intersect the surface. These 
streaks were obtained over the whole ion energy range, i.e. 5, 10 and 
15 keV. This result suggests that channelling occurs to a marked 
extent at the low energies of the sputtered recoils since the streaks 
were fairly prominent indicating considerable ejection by this 
mechanism. Nelson and Thompson [1962] obtained streaks from (111) 
planar channelling from (110) surfaces of copper bombarded with argon 
ions of energy ranging from 25 to 75 keV. On the other hand the zones 
of light intensity found in ejection patterns from (100) and (111) sur­
faces of germanium most probably arose from defocusing of energy by the 
(110) rows lying in the surface, in a manner analogous to (llO) defocus­
ing discussed above. With the exception of the (100) pattern from 
indium antimonide all ejection patterns had the symmetry of the bom­
barded surface. It is felt that this fits in with the results of 
Harrison et al. [1968] and of Ostry et al. [1970].
T = 170 °C 2 X 1018 i o n s -2cm
F i g s .  4 . 1 3 a , b :  10 keV Ar (100)  InSb normal  i n c i d e n c e .
T 170 °C 3 X 1018 io n s -2cm
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Up to this point the state of the surface during bombardment
has not been considered. Figures 4.l3a,b show photographs of (100)
osurfaces of indium antimonide bombarded at 150 C with 10 keV argon
18 -2ions incident normally. The total dose was 2 X 10 ions cm , while
18 -2that of the second was 5 X 1 0  ions cm '. A freshly polished surface 
showed mainly straight line grooves and circular depressions. Ion bom­
bardment, therefore, produces the structure shown. Under the same bom­
bardment conditions only slightly roughened surfaces with no special 
features could be seen on germanium targets. It has been known for some 
time now (Wehner [1955]; Honig [1958]; Haneman et al. [1963]) that 
ion bombardment etches the surface. Wehner [1955] showed that the pits,
which had the symmetry of the bombarded surface developed on germanium.
2 +On bombarding (111) germanium surface with 500 eV, lOOA/cm A' for
200 min Haneman et al. [1963] obtained hillocks with a density of
2between 10 and 100 per cm . With prolonged bombardment the density was 
2 4 210 to 10 per cm . Honig [1958] advanced the view that hillocks 
formed at impurity sites of low sputtering rates. Such impurities 
protected the surface beneath them, and hence the surrounding material 
was sputtered away at. a faster rate. Haneman et al. [1963] obtained 
good agreement between the height of the hillocks and the calculated 
thickness of material sputtered away. This evidently confirmed the. 
suggestion of Honig. It was not possible in this work to examine 
individual features on the etched surface. However, it was decided to 
attempt an investigation into the effect of the state of the surface on 
ejection patterns. Consequently a (100) surface of germanium cut to a 
smooth finish and oriented to about 1° was bombarded unpolished and the 
ejection pattern collected. There was no difference between that pat­
tern and those collected from a polished and etched surface. The 
pattern from the unpolished crystal could be distinguished by slightly
increased background. While the same result was obtained with all 
other faces of germanium the result from silicon was different. An 
untreated silicon surface gave isotropic ejection patterns. The ger­
manium result could be explained by the fact that the ion beam quickly 
eroded the bombarded area thus cleaning and smoothing it, but at the 
same time developing an etched structure on it. This result coupled 
with the existence of the observed structures on bombarded surfaces 
raised the need for further examination of the part played by surface 
correlated collisions in the formation of anisotropic ejection patterns. 
Perhaps the fact that ejection patterns are obtainable from such sur­
faces is suggestive of the dominance of focused collisions in directed 
ej ection.
The deviation of the ejection angles from the values expected 
on crystallographic considerations has been explained on the basis of 
facets which develop on the surface. Cunningham et al. [1969, 1970] 
have shown that faceting causes such deviation. Weijsenfeld [1966], 
Southern et al. [1963] treated the effect quantitatively. In compound 
semiconductors such deviation could also arise from the partly ionic 
nature of the substance. When the III-V compound crystal is bombarded 
the injected charge could cause a relative movement of surface layers 
which would result in deviation of the ejection angles. (Ill) ejection 
from (100) surfaces occurred at 50 ± 2^ and 50 ± 3° for germanium and 
indium antimonide respectively. Therefore the difference between the 
two substances is negligible, which result seems to minimize the 
importance in ejection of the ionic nature of indium antimonide.
4.6 CONCLUSION
In conclusion directed ejection occurs from diamond and zinc 
blende structure lattices if the target is held above the transition
temperature during bombardment. The directions of significant directed 
ejection differ from face to face, and from material to material.
While (ill) ejection leads to pronounced spots from (100) and (111) 
germanium surfaces, no spots are found from (100) and (111) silicon. 
Hollow spots occur in the same direction and in the (llO) direction 
from indium antimonide targets. (110) germanium gives rather poor 
spots while from (110) indium antimonide one spot appears at high tem­
peratures. Thus the patterns have so far failed to show consistency 
and more theoretical and experimental work is required with these sub­
stances. The patterns from indium antimonide are especially complex. 
This complexity cannot be explained on the grounds of the asymmetry of 
the lattice structure of this substance. An added complication is the 
partly ionic nature of the III-V compounds. The addition of uncompen­
sated charges in such a substance would have significant effect on the 
propagation of momentum (Agranovich et al. [1970]). Interpretation of 
ejection patterns is made more difficult by the multiplicity of varia­
bles that could affect ejection. The applicability of the present 
models of reconstructed surfaces is called into question since these 
models represent an 'ideal' clean static lattice. The occurrence of 
spot patterns from bombarded germanium surfaces is satisfactorily ex­
plained by the models of MacDonald [1970b] and of Lehmann and Sigmund 
[1966]. Lack of spots in silicon patterns is predicted by the model of 
MacDonald if Brinkman constants are used in the interatomic potential. 
Hollow spots from indium antimonide are adequately explained on the 
basis of defocused emission of material from (llO) rows. No evidence 
of such defocusing by (llO) rows intersecting the surface was found in 
germanium and silicon, even though it would be expected from 
considerations of the energetics of the collision processes.
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CHAPTER 5
SPUTTERING MEASUREMENTS 
5.1 INTRODUCTION
The results to be presented and discussed in this 
chapter were obtained from rare gas ion bombardment of single 
crystals of the elemental, covalent semiconductor germanium 
and single crystals of the partly ionic, partly covalent com­
pound semiconductor indium antimonide. Neon, argon and kryp­
ton ions of 5, 10 and 15 keV energy were used. Relative yields
measurements of indium and antimony sputtered from (100),
(110) and two (111) type surfaces of indium antimonide were 
carried out. These relative yields are important from a 
theoretical and technological standpoint since it is desirable 
to know whether the components of III-V compounds subjected to 
ion bombardment are ejected in stoichiometric ratios.
The effective influence of channelling was assessed 
by means of such measurements as the depth of the minima in 
yields and their angular width at half height. Results were 
then compared with the predictions of the theoretical model 
of Onderdelinden (1967, 1968). Since germanium and indium
antimonide have similar lattice structures but different bonding 
the results from the two substances were examined to find out 
if any important differences existed. Interpretation of re­
sults from indium antimonide is further complicated by the 
asymmetry of the <L10> and (LOO) rows caused by the diatomicity 
of the compound. Finally the effects of ion energy and target 
temperature on the yield minima are discussed.
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Before proceeding on with the presentation and 
discussion of experimental results a general evaluation of 
some of the important and relevant experimental parameters 
and their possible influence on results is worthwhile.
5.2 Evaluation of Experimental Procedures
The ion beam was incident on the crystal surface at 
45° ± 1° to the target normal. In the case of (100) surfaces, 
for example, the ion beam was incident at 45° ± 1° to the (LOO) 
axis which was also the direction of the rotation axis. This 
geometry was adopted for the following reasons. Firstly, by 
rotating the target about its normal while maintaining constant 
the angle between the ion beam and target normal, the ion beam 
explored the various low index directions intersecting the sur­
face at about 45° as the target was rotated. With a detector 
(acceptance angle of 23.4°) integrating over directed ejection 
effects the yield at any point on the yield curve could be re­
lated directly to the ion beam incidence angle. Secondly, 
as the target was rotated about an axis perpendicular to its 
surface the yield, for beam incidence along a random direction, 
remained constant. Such an arrangement allows the investi­
gation of the influence of channelling on sputtering.
The partial yields of ionized neutral atoms of 
sputtered antimony and indium were compared, and so were the 
yields of the secondary ions of these elements. By reversing 
the polarity of the secondary ion suppressor grid (Section 
3.3.4.3), and suppressing electron emission from the filaments 
the yield of secondary ions could be monitored. A secondary 
ion suppressor voltage of 240 volts was sufficient to prevent
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these ions from interfering with measurements of ionized 
neutrals. The maximum secondary ion signal during monitoring 
of ionized neutrals was 5% Yields from 5, 10, 15 KeV bombard­
ments were compared with each other, as were yields obtained 
by bombarding with different ions.
The depth of the dips in yield and their angular 
width could be affected by many parameters among which are 
beam spread, surface contamination, ion energy and the lock- 
in amplifier time constant.
Errors due to ion energy could arise in two ways, 
one of which is inaccuracies in setting the ion acceleration 
voltage. The second effect may be due to fluctuation in the 
'set' voltage. For example an increase or decrease of 100 
eV for a 5 keV beam could result in an error of about 0.5% in 
the values of the angular half width. More serious, however, 
would be errors due to large fractions of doubly charged ions 
each of which has twice the energy of a singly charged one. 
Formation of such ions was retarded by operating the arc at 
low voltages.
Surface contamination manifests itself as a variation 
of yield in a given direction with time. As discussed in 
Chapter 3, the background pressure and the sputtering rate 
were high enough to ensure clean surfaces. Reproducibility 
was good for all the surfaces studied. Surface films, if 
present, introduce additional beam spread, thus leading to 
errors in the measured half widths.
Irregularities on the surface, arising from polishing 
and the bombardment process, introduce asymmetries in yield 
plots. It was,therefore, necessary to use well polished
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and etched surfaces. At the beginning of a bombardment
the yield was observed to be abnormally high and to fall 
steadily with time for the first few minutes. At the end 
of this period the yield remained constant. This behaviour 
could have been due to the ion beam eroding away either the 
first few layers damaged by the polishing process or an oxide 
layer on the surface. Therefore, a fresh crystal surface 
was always 'cleaned' by bombarding for a few minutes until the 
yield was steady, and then annealed by heating to a high tem­
perature .
The angular interval through which the target had 
rotated during a bombardment could be read to within 0.05°. 
Synchronization of the target motor with the recorder chart 
motor necessitated accurate knowledge of the chart speed.
Any slackness in the chart motor gearing system was eliminated 
before an experiment by running the motor for a few seconds.
No rotary feed-through play was observed. The performance of 
the target motor-recorder chart motor combination was satis­
factory to the point where errors from this-'part of the system 
were small.
It was observed that the minima were 1 under-reproduced' 
if a large time constant of the lock-in amplifier was used.
This made the minima appear shallower than they were. Repro­
ducible results were obtained at small time constants (~ 100 
msec or less). In this it was necessary to strike a balance 
between the demands for efficient noise suppression and good 
reproduction of the anisotropies in yields.
In comparing the yields of antimony and indium the 
following assumptions were made:
(i) The ratio of the ionization efficiencies of indium
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and antimony were assumed proportional to the square 
root of their masses. This assumption was based on 
another one, namely that the energy spectra of sput­
tered indium and antimony atoms or ions were identical. 
The latter assumption is not unreasonable when it is 
remembered that indium and antimony have nearly the 
same mass and atomic numbers (indium 114.82 and 49, 
antimony 121.75 and 51), consequently one would not 
expect significant differencies in the energies of 
the ejected particles. An unknown quantity in con­
sidering the energy spectra is the effect of the diffe­
rent charge states of the two components when they are 
still in the crystal. However, to a first approxi­
mation it could be taken that, for equal initial quan­
tities of the atoms, the rate of ionization of antimony 
is up to 3.5% more than that of indium.
(ii) The relative ionization efficiency of antimony with 
respect to indium was proportional to the ratio of 
their ionization cross sections. Thus for equal 
initial fluxes of indium and antimony sputtered neutral 
atoms the ratio of the current density of antimony ions 
to that of indium ions was proportional to the ratio 
of the ionization cross sections. The first and 
second ionization energies of indium are 5.8 eV and 
18.9 eV respectively while the values of the same quan­
tities for antimony are respectively 8.6 eV and 16.7 eV. 
Otvos and Stevenson (1956) gave the ionization cross 
sections of antimony and indium relative to that of 
hydrogen as 26.1 and 24.8 respectively. The ionization 
cross section were calculated by Otvos and Stevenson
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Fig. 5.1: Equilibrium
partial pressures of 
indium, indium anti- 
monide and antimony 
(after Gunther (1966).)
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Fig. 5.2: Variation of output signal with
ion beam current.
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(1956) for 1 < Z < 56 and Z = 80, 81, 82 and for 
electron energies of 50 to 100 eV. Antimony has,
from these results, a cross section 5% larger than 
that of indium. Combining the result with the result 
obtained in (i) above the production of antimony ions 
from sputtered neutrals would proceed up to 8.5% more 
efficiently than for indium.
A further complication arises from the fact that the 
partial pressure of antimony at target experimental pressures 
(>200°C) is orders of magnitude larger than that of indium. 
Figure 5.1 shows the partial pressures of indium antimony 
and indium antimonide. On account of this disparity in 
partial pressures antimony might be present in the ionization 
chamber in quantities larger than would occur as a consequence 
of ejection from ion bombardment only. Alternatively the 
surface layers could become indium-rich, followed by an indium 
yield larger than that which would be expected from a stoichio­
metric surface. Of course these two offects might partially 
compensate each other. However, until quantitative measure­
ments are made of this problem the question remains open.
Figure 5.2 shows the variation of the output signal 
of the lock-in amplifier with variation of ion beam current.
The graph shows that equal changes of ion beam current lead to 
constant changes in the output signal, i.e. the relationship 
between ion beam current changes and the resultant signal 
intensity variation is a linear one, all other factors being 
cons tant.
The targets were all heated in this work. Normally
indium antimonide targets were kept at 230°C ± 2°C during bom­
bardment, while germanium targets were held at 380-400°c.
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5 . 3 Results
5.3,1 Bombardment of (110) Surfaces
Bombardment of (110) surfaces of indium antimonide 
resulted in recorder plots of the variation of the indium 
(bold curve) and antimony (dotted curve) yields with rotation 
angle, Q, of doubly ionized sputtered neutral atoms gave the 
curves in Figure 5.3a, and Figure 5.3b respectively. Numerous 
minima in yield are prominent. These minima occur when the 
ion beam incidence direction coincides with a low index crys­
tallographic direction of the target. Each of the three deep­
est minima occur when the ion beam impinges on the crystal 
parallel to a <100) direction. On the (110) surface the beam 
explores the <100) direction twice in 360° since the surface 
has two-fold symmetry. The minima therefore occur at 180° 
intervals. Other minima arise when the ions explore various 
low index directions such as <30l), <212), <313), <163) etc.
which are at 45° or close to 45° to the <110) axis. The 
bottom of the largest dips gives the yield arising from beam 
incidence parallel to a <100) axis. The yield then rises 
sharply on either side of the centre line until it reaches its 
maximum value at a small angular interval from the lowest point 
of the dip. From the figure 5.3a it is seen that the atten­
uation in yield is largest for beam incidence along <100) 
directions .
Figures 5.4 and 5.5 show reproductions of yield plots 
obtained by bombarding with 10 keV argon and krypton ions res­
pectively. It can be seen that the same qualitative behaviour 
is displayed. The dips in yield get broader with increase in 
ion mass, and they also get less deep. Some of the small 
minima in figure 5.3 are either greatly reduced in Figures 5.4
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Fig. 5.3(a): The antimony and indium yield curves (singly
ionized sputtered neutrals) from (110) XnSbj (l0 keV Ne+^.
5.3(b): The yield of doubly ionized sputtered neutral
antimony from 10 keV Ne+ bombardment of (110) InSb.
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Fig. 5.4: The antimony yield curve from (110) indium
antimonide bombarded with 10 keV A+ .
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Fig. 5.5: The indium yield curve from (110) indium
antimonide bombarded with 10 keV Kr+ .
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Fig. 5.6: Variation with ion energy of observed
of the <100) direction in InSb.
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Fig. 5.7: Variation of the ratio of the minimum in yield
to the maximum as a function of ion energy.
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Fig. 5.8(a): The indium yield from (100) indium
antimonide bombarded with 15 keV krypton ions.
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and 5.5, or have disappeared altogether. An example of 
the former are the small dips at 127° and 146° in Figure 
5.3 which have been greatly attenuated in Figures 5.4 and 
5.5 where they now appear as saddles. While an example 
of the latter case is the dip at 47.5° in Figure 5.3a which 
has disappeared in Figure 5.4 and 5.5. The rest of the 
small minima, though still present in the 10 and 15 keV bom­
bardment results, have greatly widened.
All the three results were obtained by bombarding 
the targets with 0.3mA/cm2 of beam current, with the target 
temperature at 230°c. Three measurements were made in each 
case. The yield of antimony was compared to that of indium.
In addition the angular width of the large dips were measured 
at half height. Finally the yield at the lowest point of the 
large minima was compared to the maximum yield in a random 
direction on either side of the dip.
The measured values of the half-widths at half-height,
ip , are shown in Figure 5.6, where these values are plotted as w
against ion energy for each bombarding ion. The results 
from (110) germainium are in Table 5.1. In Figure 5.6 it is
Table 5.1
Results from (100) and (110) planes of Germanium
Ion E (keV) <100 ) Axis <110) Axis
Ne 10 11.4 13. 2
Ne 15 10.2 12.4
Ar+ 10 12.0 15.0
Ar+ 15 11.6 14.2
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evident that decreases with increase in ion energy for
each ion. For a given ion energy, ip increases with increasew
in the atomic number of the ion. The form of these relation­
ships will be considered further in the discussion below.
S , the yield in a random direction on either side max
of the large dips coinciding with ion incidence along the <100)
axis, was compared to S . , , „ , .min the yield at the lowest point of
the minimum. The ratio
S . / s = S (5.1)m m  max m
was calculated and plotted against ion energy for each
bombarding ion. Figure 5.7 shows the resulting graphs. The
solid lines are results obtained when the ion beam was incident
parallel to a <100) direction on a (110) plane of indium
antimonide. If the graphs were normalized so that S = 1max
it can be seen that the reduction in yield increases with in­
crease in ion energy. This is true for the three rare gas ions.
The vertical bars in the graphs indicate the estimated error 
in the measurements.
The yield of antimony was observed to be larger than
that of antimony in virtually all the beam incidence directions.
The ratio S , to ST where S , and ST are the relative yields sb In sb In
of antimony and indium respectively, varied from 1 to 1.2 
with an average of 1.08. However, no differences were 
observed in the full width at half-height of the yield minima 
for these substances, the yield plots appeared identical in 
every respect except in the magnitude of the yields. These 
details are apparent in Figure 5.3a.
Doubly charged antimony and indium ions from doubly 
ionized neutrals generally gave a signal whose intensity varied 
from 20 to 30% of the signal due to singly ionized neutrals.
All other characteristics of the yield plots corresponded
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exactly with those from singly ionized neutrals, (Figure 
5.3a,b) and from secondary ions (see Figure 5.8a,b). The
signal from secondary ions was up to twenty times more in­
tense than that from ionized neutral atoms.
Prolonged bombardment of the target led to the 
development of asymmetries in the yield plot. Formation 
of such asymmetries was avoided by keeping the total dose 
small, and by thermally annealing the target.
5.3.2 Bombardment of (100) Surfaces
Figure 5.8a,b is a reproduction of the recorder 
plot from bombardment of (100) indium antimonide with 15 keV, 
0.3mA/ cm" krypton ions with the target at 230°c. Qualita­
tively similar results were obtained for argon and neon bom­
bardments. Germanium plots were similar, as can be seen by 
comparing Figures 5.8a and 5.8b. The latter figure was ob­
tained from germanium secondary ions on bombarding the crystal 
with 10 keV argon ions. The minima occurred when the beam 
was incident parallel to <110) and <212) directions. The 
ion beam impinged parallel to a <110) direction four times 
in a 360° rotation of the target. When this occurred a large 
drop in yield was evident. A surprising result from (100) 
surfaces was the small number of irregularities in the yield 
curve. There were only two prominent minima every 90° com­
pared to five from (110) surfaces. Again there was slightly 
more antimony, about 8% more, than indium. The measured 
widths at half height of the minima due to beam incidence 
along <110) axes are shown in Figure 5.9. The results from
(100) germanium are shown in table 5.1. In the figure isw
shown as a function of ion energy for each bombarding ion.
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From the diagram it can be seen that decreased withw
ion energy for the three bombarding ions. The variation
of S , /S as a function of ion energy is shown inm m  max
Figure 5.7. This ratio is smaller than for the <100) 
case considered above. This means that the reduction in 
yield is much larger in the (110) than in the (100) direction 
for a given ion at constant energy.
Indentical yield plots were obtained from 
secondary ions, as well as from doubly ionized neutrals.
5.3.3. Bombardment of (111) and (111) surfaces.
Bombardment of (111) and (III) surfaces differed 
from that of the two considered above in that no crystal axis 
was used as a reference initially aligned with the ion beam 
incidence direction. With (110) and (100) planes the <100) 
and <110) directions were aligned to less than ± 1° with the 
ion beam direction. Therefore during bombardment of (111) and 
(ill) surfaces the zero of the angle of rotation, Q, was 
arbitrary. Modulations of the yield by the crystal lattice 
was observed in the signal from sputtered particles. The 
ion beam was incident parallel to the same direction every 
120°. No difference was observed in the yield plots from 
the (111) and (111) planes. Figure 5.10 is a reproduction of
the yield plot from secondary ions resulting from bombarding 
a (111) surface of indium antimonide with 10 keV neon ions.
The element monitored in this case was antimony. The (III) 
plane turned out to be the only one from which indium was 
observed to dominate over antimony, with the ratio =
0.96. This means that the apparent rate of emission of 
indium was 4% higher than that of antimony. On the (III) plane
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Fig. 5.10: The yield plot from (ill) InSb
bombarded with 10 keV neon ions, (Sb signal).
antimony predominated by about 14%. The percentages
given are averages. Antimony still predominated in the yield
from secondary ions though the ratios were reduced.
5.4 Analysis of Results and Discussion
According to Onderdelinden (1966, 1968) the 
sputtering yield is determined by the energy deposited 
in a surface layer of thickness by the randomized com­
ponent of the ion beam. An incident ion belongs to the 
random component if the angle between its velocity vector 
and a string direction is larger than Cij^  (1<C< 2) where 
is the critical angle for channelling given by Lindhard (1965) as
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4TTeoEd3
1/
(5.2a)
where a = 0.8853a
2 / 2 / ^(z1 $ z2 3) 2
(5.2b)
as a is the Bohr radius, 
o
This equation is valid for ion energies, E, such that
E<El = 2 Z1Z 2 6 d
4TTe a2 
o
(5.3)
A beam incident at an angle less than Ci^ with
a row of atoms is divided inside the crystal into the random
or unaligned and channelled components. Onderde linden (1966)
advanced the view that the sputtering yield was determined by
the random component. The randomized fraction N of the beamn c
was given by
TTip 2 d3 N c (5.4)
where N is the atomic density of the target. This expression 
is valid for normal incidence. For a beam incident at an 
angle ip<C  ^ the random component is given by equation (1. 29) .
Values of the critical angle were calculated for 
5, 10 and 15 keV neon, argon and krypton ions incident along
<100) and <110) directions of indium antimonide and germanium. 
The results were then compared with values. Since the dips 
were symmetrical about the central line, and from the geometry
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of che target - icn beam combination the measured ip ^ and 
the angle of the ion beam to the channel are related to
ip byw
\p „ Sin 0 (5.5)
where 6 is the inclination of the ion beam to the target.
The derivation of this equation is shown in Appendix 1.
In this case 0 = 45°, hence ip = 0.707ip„. It is ip which 
was plotted in the figures given, rather than ip^. The last 
two columns of Table 5.2a,b show values of the quantity 
^c/(0.5ip ). The measured angles were all smaller than ip . 
Generally, disagreement between theory and experiment was 
largest for the more open <110> direction, and for the ions 
with the higher atomic number. The fourth column in the 
table gives values of ^ u o ^ l O O ^ w '  Along the <110) direc­
tion in indium antimonide the interatomic distance is 6.48A° 
while in the 100 direction it is 4.46A°. The ratio (6.48/
3
4.46)^ is 1.3. This agreement between ^ l O O ^ l O O ^ w  anc*
3
(duo/dioo)4 is best for krypton and better for argon than
3
for neon. For germanium the (d--_/d__-)4 is also 1.3.ill/ 1 U (J
Agreement is again better with argon ions than for neon ions. 
From consideration of the collision process it seems experi­
mental results suggest that theory overestimates the channelled 
fraction for the light ions. A light ion is more likely to 
be scattered at a larger angle than a heavier one in a collision 
Thus an initially channelled neon ion is more likely, on this 
argument, to be dechannelled than a heavier argon or krypton
ion. This would lead to an increase in ip . It should bew
mentioned at this stage that theory (Lindhard, 1965; Onderde- 
linden, 1966) does not consider those particles that, although
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Table 5.2a
Comparisons of half-widths of yield minima from InSb
(*5keV/*\ j (*cVV
Ion E (keV) 5keV i3* 
Eke V
ip (110)
i> (l o o )
(100) (110) (100) (110)
Ne 5 1.0 1.12 1.0 1.0 1.06 1. 25
Ne 10 1. 2 1.12 1. 2 1. 2 1.08 1. 26
N e 15 1. 3 1,08 1. 3 1. 35 1.06 1.27
A r 5 1.0 1.21 1.0 1.0 1.15 1.22
A r 10 1. 2 1.16 1.14 1. 19 1.1 1. 23
A r 15 1. 3 1.16 1.27 1. 34 1.12 1. 24
Kr 5 1.0 1. 3 1.0 1.0 1. 23 1.22
Kr 10 1. 2 1. 3 1.13 1. 12 1.16 1.15
Kr 15 1. 3 1. 25 1. 24 1. 3 1.16 1.21
Table 5.2b
Comparisons of half-widths of yield minima from Ge
^10keV/^w V
Ion E(keV) (1 0 k e V \ k  
.15k eV/
ip (110 ) 
ip (100 )
(100 ) (110) (100) (110)
Ne 10 1.0 1.15 1.0 1.0 1.05 1.18
Ne 15 1. 2 1. 20 1.12 1.08 1.06 1.15
A r 10 1.0 1.25 1.0 1.0 1.13 1. 16
A r 15 1. 1 1. 34 1.07 1.09 1.17 1. 13
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initially channelled, get dechannelled and contribute to
sputtering. Columns 3, 5 and 6 compare values of
(ip c keV /ip ) , where ip _ keV is the measured value of d w j w
for 5 KeV ions and dj is the value for 5, 10 and 15 keVw
bombardment, with (5keV / EkeV ) % .  The agreement is good 
for all ions.
Table 5.3a,b shows values of the ratio S / Nm nc
with S^ given by equation (5.1), and N  ^ by equation (5.4).
Table 5.3a
Ratio of S / N for Indium Antimonide m nc
S / N m n c
ion ; E(keV) (100) (100)
'■ ■ — 1 ' 'Ne 5 1. 2 1. 3
Ne 10 1. 2 1.5
Ne 15 1. 3 1.5
Ar 5 1 . 1 1 . 2
Ar 10 1. 2 1.5
Ar 15 1,1 1 . 1
Kr 5 i 1.1 1. 2
Kr 10 1.4
Table 5.3b
Results for Germanium
Ne 10 1.43 1. 3
Ne 15 1. 3 1.4
Ar 10 1.3 1. 2
A r 15 1. 32 1. 3
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The ratio S / N is important because of them nc
following. According to Onderdelinden’s theory the 
sputtering yield is determined by the random component of 
the beam. The yield, arising from this fraction is equal 
to the yield from a polycrystal1ine substance of identical 
material bombarded by a beam of the same intensity as the 
random component. As the angle ij; of the ions to a string 
direction is varied the random component varies until 
ip = C 4>2 at which point the random fraction becomes unity.
The sputtering yield should be maximum then, with the mini­
mum occurring when the ip = 0, which condition is fulfilled 
at the lowest point of the yield dip. Assuming equal dissi­
pation of energy in the target by a given fraction of the 
random beam then the ratio of the yields at the bottom of 
the dip and at the top of the shoulders of that dip should 
be roughly equal to the ratio of the random components at 
these points. On taking the random fraction as unity at the 
top of the shoulders where the yield is maximum it follows 
that S should be roughly equal to N . The results in 
Table 5.3a show that agreement is better for the <100) channels 
than for the <110) ones. The latter are more open than the 
former. Lack of agreement between theory and experimental 
results is caused by bombardment induced defects, thermal vib­
rations of the atoms, and by surface contamination. Only the 
random fraction of the beam is considered effective in intro­
ducing damage in the surface layers. This is in line with 
the Onderdelinden model since only ions in the random beam 
collide in the top layers. The number of Frenkel pairs, N, 
that are formed by each ion in the unaligned beam can be esti­
mated by means of the Kinchin and Pease (1955) formula
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N Tm
2Ed
(5.5a)
where T is given m
1 „ 4M]M2 E m ------
(m 1+m 2)2
(5.5b)
and E ^ is the displacement energy, M ^ and M 0 are the 
masses of the ion and target atom, and E is the ion energy.
The ratio of damage induced by kryDton ions to that induced 
by argon and neon ions is Kr : Ar : Ne = 1 : 0.9 : 0.7.
The results indicate that krypton ions should, for identical 
bombardment conditions, damage the layers more than either 
of the other two. Therefore, one would expect that, on the 
basis of damage considerations, deviation from theory to be 
largest for krypton results. That this is not the case here 
could be attributed to the rapid annealing of damage (Zwango- 
bani et al, 1970, 1971) at 230°c for indium antimonide and
380°-400°c for germanium, which temperatures are above the 
transition temperatures for these substances (see next chapter).
Dechannelling of initially channelled ions will occur 
as a result of thermal vibrations of the row atoms in the 
manner described by Channing (1967) for nuclear stopping. 
Thermal dechannelling will not only retard ion penetration 
down the channels, but will also increase the random compo­
nent, with the consequent increase in the sputtering yield, 
provided that such dechannelling does not occur towards the 
end of the range. To estimate the strength of thermal vib­
rations a beam entering a perfect crystal at zero temperature 
and aligned with low index axis is considered. If the mini-
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mum distance of approach of an ion to a string
is r . , then the nonchsnnelled fraction can bemin
written as
N = II Ndr* . (5.6)nc min v '
Values of are given by equation (5.4). Figure
(5.11a,b) summarizes the results of calculating r ^ ^
from the equation (5.6) for neon, argon and krypton
ions. The smallest value of r . is about 0.5 A°,min
and the largest is 1.0°. The root mean square 
displacement, of an atom at a temperature, T°K, is 
given by the Debye approximations as (Lehmann and 
Lelbfried, 1963),
<»10> I n S b
" — —  ’m i » * .
____ Srti**-13
Figure 5.11a: Values of r . and R as functionsmin
of ion energy.
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Figure 5.11b: Values of r . and R for the <100>min
rows as functions of ion energy.
<ir>?.s h
d T 
10 T for T 9.
d __
10 4T
9D * for T 9D
(5.7)
where d is the interatomic distance, 9 is the Debye 
temperature, and T is the temperature at melting point. 
For indium antimonide 9^ is 210°K (Sirota, 1968) and 
using the first of these equations it turns out that 
(U2) can be as high as 0.27 A 0 at 503°K. While it is
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u n c e r t a i n  w h e t h e r  s u c h  a c a l c u l a t i o n  i s  a p p l i c a b l e  
on t h e  s u r f a c e  i t  i s  c l e a r  t h a t  <U2> i s  n o t  n e g l i g i b l e  
c o m p a r e d  t o  1 ^ • C o n s e q u e n t l y  t h e r m a l  s c a t t e r i n g  o f  
c h a n n e l l e d  a t o m s  i s  an  i m p o r t a n t  d e c h a n n e l l i n g  m e c h a n i s m  
f o r  h o t  t a r g e t s ,  s u c h  as  i n  t h i s  s t u d y  w h e r e  t h e  t e m p e r ­
a t u r e  o f  t h e  i n d i u m  a n t i m o n i d e  c r y s t a l s  was  0 . 6 3 T  .
(0 )  120 •
(?O TA T^W  ( f .
F i g u r e  5 . 1 2 :  Y i e l d  c u r v e s  showing^  a t t e n u a t i o n
o f  y i e l d  m i n i m a  w i t h  d e c r e a s e  i n  t e m p e r a t u r e ^
(Ne bombardment of InSb t a r g e t ) .
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It does not follow, however, that reduction 
of target temperature would be followed by better agree­
ment with theory. The consequent decline in the annealing 
rate of irradiation induced defects will militate against 
any improvement: that might occur. In fact experimental 
evidence bears this out. Figure 5.12a,b shown the yield 
curves obtained at 120°c and 95°c. It can be seen that 
the small irregularities have been greatly attenuated, 
implying a large increase in the non-channe11ed component.
The ratio S for the <100) minima has increased to 0.79. m
At 95°c only the <100) minima are still prominent, with
of about 0.9. At 120°c and 95°c <U2) for indium antimonide
has values 0.1 and 0.09 A° respectively. Therefore the
reduction in channelling, indicated approximately by the
departure from one of the ratio S / N , must be due solelym n c
to bombardment induced defects whose annealing rate is now 
so diminished that each incoming ion sees a highly damaged 
lattice.
To test the dependence of ip^  an in t e r c omp a r i s on
of the half-widths for the different ions was carried out
as follows. In equation (5.2a) if Z^, E and d are kept
constant then ip^ can be considered as being determined by Z^,
the atomic number of the ion. Then the ratio of ip' s for twow
ion species should roughly equal the ratio of ip^ c for those
ions if the half-widths depend on Z^. Table (5.4) shows in
column two ratios of ip ._ /\p T: ip _T is the value \p f o rc ,Ne c,I c,Ne c
neon and ip is the value of ip for argon or krypton. ColumnsC ) 1 C
5 and 6 show values of (%\pc/^^w ) for argon and krypton. The
agreement is satisfactory. Further, Figure 5.13 shows a
logarithmic plot o f a ip as a function of Z , the targetw Z
2
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Table 5.4
Ratios of Channelling Angles for Testing the Dependence
“ I
Crystal j
---------- f
Ion Energy ^c.Ne h * NeI I **w
] <100) <110)
In Sb Ar + 5 0.9 0.9 0.9
In Sb Ar+ 10 0.9 0.95 0.9
InSb Ar + 15 0.9 0.94 0.88
In Sb Kr+ 5 0.9 0.89 0. 76
In Sb Kr+ 10 0.8 0.86 0. 7
In Sb Kr + 15 0.8 0. 84 0.73
Ge Ar + 10 0.9 0.95 0.9
Ge Ar+ 15 0.9 0.96 0.9
atomic number. A straight line has been approximated 
through each set of three points. The dependence of
ip for the <100> axis is different from that of the <110) .w
This is evident from the graphs. Taking the relationship
as of the form ÜJ aZm then m is about 0.13 for the <100)w
direction. The theoretical relationship between ^  and Z ^
obtained by plotting \p ^  against Z^ in a similar manner gives
m of about 0.2. Therefore the results of the (110) axis
give a dependence of ip on Z stronger than the theoreticalw z
one, and the reverse is true for the results of the <100)
direction.
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____
H-O X
F i g u r a 5 . 1 3 :  A p l o t  of  0.5^/w as  a f u n c t i o n  o f  t he  l o g a r i t h  of
t h e  atomic number of  ehe i n c i d e n t  i o n .
F i g u r e  5 . 1 4 :  A c o m p a r i s o n
o f  t h e  e x p e r i m e n t a l  
d i p  w i t h  t h e  t h e o ­
r e t i c a l  o n e s  .
196
Since no absolute yields were measured no attempt 
was made to predict these theoretically using equation 
(1.13). However equations (1.29) and (5.3) were used 
to predict the shape of the minima for beam incidence along 
<100) and <110) axes.
It was assumed that there was a one to one 
correspondence between the relative yields of any two points 
on the yield curve to the ratio of the random beams corres­
ponding to those points. Figure 5.14 shows the experimental 
minimum and two minima calculated with C = 1.1 and 1.8. The 
best agreement was obtained for C = 1.46. This last curve, 
however, is not shown in the figure. It can be seen that 
good agreement was obtained (curves were normalized at a 
relative yield of 0.2). The experimental curve deviates at 
the shoulders where a new calculation, taking into account 
planar channelling effects (Onderdelinden, 1970) would be
needed. This agreement obtained in Figure 5.14 effectively 
justifies the assumption made, and confirms Onderdelinden’s 
theory. The calculated minima for the <100) direction and 
for other ions similarly agree with the experimental results.
It is interesting to treat the data using the 
transparency theory, and then compare the results with the 
predictions of Onderdelinden's theory. The transparency 
model, as discussed in chapter one, does predict the occurrence 
of the minima but cannot predict their half-widths. To treat 
the minima in this study the method of Fluit and Rol (1964)
was adopted.
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Figure 5.15: A (010) plane perpendicular to the 
(100) surface of germanium.
On the basis of the transparency theory the 
minima can be explained using the top layers of the 
target. The minima occur when there i3 maximum over­
shadowing of corresponding atoms in underlying layers 
by those above. Thus in figure 5.15 when viewing the 
lattice from above all atoms lying directly beneath A 
are invisible to the beam. An ion incident on A within 
the cone angle a sees varying fractions of the atom B, 
until complete visibility of B occurs for an angle just
larger than a. Maximum sputtering then occurs at a0 
2 2 
to the string direction. Similar reasoning applies to
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the <110) direction. Thus the angular interval in which 
the reduction in yield occurs depends on the hard sphere 
radius R, and on the interatomic distance in that particular 
direction. For a given direction, say the <110) in the (100) 
face, the yield is minimum when the ion beam is aligned with 
the row. From then on the yield varies with the angle of 
incidence of the beam with respect to the string. In the 
diagram in Figure 5.15 which is analogous to that given by 
Fluit and Rol (1964), the hard sphere radius is given by
R = ^hkl Sin ahkl 
2 2
5 . 8a
According to the transparency theory the angle 
equal to ip . Therefore
'hkl
i s
R = ^hkl Sin (^w) 
2
5 . 8b
where i p ^ is used because the angular interval is measured 
as the shoulders of the dip rather than at half-height.
Values of R were calculated and then plotted in Figuresw
5.11a,b where they can be compared with r ^  . It is
evident that R is smaller than the corresponding rm ^n * This
arises because they experimental half-widths are smaller than
those predicted by theory. If 2ip is substituted for ipc w
then R and r . agree. However, from the curves is is m m
evident that R, for a given ion, increases with energy increase, 
which mean the lattice is more transparent to a 15 keV, for 
example, than to a 5 keV ion. R also increases, for given 
energy, with the atomic number of the ion. This result is 
contrary to that of Fluit et al (1964) who found R independent
of the atomic number of the ion.
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linder the scheme outlined the transparency ratio,
TR, between the crystal direction coinciding with the bottom
of the dip and a random direction at the shoulder is given
by 2R : d which is sin (\p ). The transparency ratios obtainedw
are shown in Table 5.5a,b.
Table 5.5a
Measured Transparency Ratios for Indium Antimonide
Ion Energy TR Nnc TR Nnc
<100> <100) <110) <110>
Ne 5 0 . 22 0. 34 0.24 0. 21
N e 10 0.18 0 . 25 0.20 0 . 15
N e 15 0. 17 0. 2 0.18 0.12
Ar 5 0 . 225 0. 43 0.27 0 . 25
Ar 10 0 . 2 0 . 31 0.23 0 . 18
Ar 15 0 . 18 0 . 25 0 . 22 0 . 15
Kr 5 0.23 0 . 6 0 . 32 0. 35
Kr 10 0.21 0.4 0. 31 0. 24
Kr 15 0.19 0. 34 0.26 0. 2
200
Table 5.5b
Measured Transparency Ratios for Germanium
Ion
i
E n e r g y TR N nc TR Nnc
. <ioo) <100) <110) <110 >
Ne
1
10 0.2 0.28 0.23 0. 16
Ne 15
i
0.18 0 . 22 0.21 0. 13
Ar 10 0.21 0. 41 0.26 0 . 2
Ar 1 15
)
0.18 0. 34
i
0.25 0.17
From these figures it seems that the model over­
estimated the transparency in the <100) direction while 
underestimating that of the <110) direction. The trans­
parency ratios for the <110) to <100) directions are given 
in brackets following the name of the ion species neon (1.1), 
argon (1.2) and krypton (1.4). These values should be 
compared with the value 1.12 for fee metals (Francken et al , 
1965). Cross comparison in Table 5.5a,b is hindered by 
the fact that the values given are ratios of the transparency 
in the most transparent direction to that of the most opaque. 
This model, however can neither predict the shape of the dip 
in yield, nor the angular half-width.
An intercomparison of the relative yields with 
respect to ion mass and energy is shown in Table 5.6. The 
yields increased with both decrease in ion energy and increase 
in ion mass. The yields for beam incidence along the <100) 
was higher (1.05X to 1.25X) than the yield for incidence along
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Ta b l e  5.6
Relative Yields
E(keV) Ij. Axis Ne+
Relative
Ar+
Yields
Kr4
5 (10 0) i 1.1 i 1. 7 1. 9
10 <100> 1 .  1 1. 6 2 . 1
is ; (100) I 1 . 0 1 1. 6 2. 0i
5i f <110> 1.8 2 . 5 j 3.i
10 <110> :
!
1. 6 2 . 4 2. 8
15 <110) 1 ! .  0 2 . 0
1
2.5
j f 1 !4________1_________ i_________ i___________ i_______ 1
the <110> direction, (these ratios are not compared in 
the table). According to theory (Onderlinden, 1968) the
non-channe11ed fraction of the ion beam increases with the 
atomic number of the incident ion and decreases with increase 
in its energy. However, the theoretical ratios of yields 
would be proportional to the product of the non-channe11ed 
fraction and the energy deposited by that fraction for each 
ion at a given energy.
The ratio of the antimony yield to that of indium 
was found to be larger than one, except for the (111) surfaces. 
Furthermore, this ratio was larger for sputtered neutral atoms 
than for the secondary ions of these substances. It is felt 
that the large predominance of antimony was probably due to 
the larger ionization efficiency of antimony rather than to 
preferential ejection of this element. Secondary ions generally 
gave a smaller value of the relative yield ratios than the 
neutral atoms. The model of Onderde 1in den (1968) cannot
202
predict directly che relative yields of indium and antimony. 
This model cannot be used to analyse how the deposited 
energy is propagated from the source. One cannot, there­
fore, calculate the relative yields of indium and antimony.
5.5 Conclusion
From the above analysis it is evident that 
On derde 1in den (196 7 , 1968 , 1969) model is capable of 
predicting well the overall features of the variation of 
yield with angle of ion incidence. Channelling causes 
prominent reductions in yield whenever the ion beam is 
aligned with a low index crystal directions. The half­
widths of the minima were found to vary with incident ion 
species, ion energy and to be independent of target temper­
ature, and of the type of particles monitored. The 
fractional reduction in yield, however, depends on ion 
species, ion energy, and target temperature. Thermal 
vibration of the atoms tend to bring about dechannelling 
of initially channelled particles. This effect is important 
for hot targets. Bombardment induced defects could cause 
significant deviations from expected results if the rate of 
annealing is not high enough. From the yield minima and 
using the hard sphere model of the transparency theorem 
one can calculate hard sphere radii which are in agreement 
with the distances of closest approach given by the theory 
of Lindhard (1965).
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CHAPTER 6
RADIATION DAMAGE RESULTS
6 .1  INTRODUCTION
The r e s u l t s  p r e s e n t e d  i n  t h i s  c h a p t e r  were o b t a i n e d  by u s i n g  
t h e  s p u t t e r e d  atom e j e c t i o n  p a t t e r n  and t h e  s p u t t e r i n g  y i e l d  t e c h n i q u e s  
to  m o n i t o r  damage i n  s e m ic onduc to r  t a r g e t s .  Both of  t h e s e  t e c h n i q u e s  
have  been d i s c u s s e d  i n  c h a p t e r  two. Most o f  t h e  d a t a  was a c q u i r e d  by 
employ ing  e j e c t i o n  p a t  t e r n s . The s p u t t e r i n g  y i e l d  t e c h n i q u e  has  a 
g r e a t e r  p o t e n t i a l  as a damage m o n i to r  bu t  i t  was n o t  p o s s i b l e  to  use  
i t  t o  make a d e t a i l e d  s tu d y  of the a n n e a l i n g  k i n e t i c s  w i t h i n  the  t im e  
a l l o c a t e d  f o r  t h e  work.  Consequen t ly  on ly  a few r e s u l t s  were o b t a i n e d  
w i t h  t h i s  t e c h n i q u e .  The p r e s e n t a t i o n  w i l l  commence w i th  an a n a l y s i s  
of  some of  t h e  e x p e r i m e n t a l  p a ra m e t e r s  and t h e i r  p o s s i b l e  e f f e c t s  on 
r e s u l t s .  T em pera tu re  i s  g i v e n  i n  d e g r e e s  K e l v in  (K) f o r  c o n v e n i e n c e .
6 .2 DISCUSSION OF EXPERIMENTAL PARAMETERS
6 . 2 . 1  S p u t t e r e d  Atom E j e c t i o n  P a t t e r n  T ec h n iq u e
The s p u t t e r e d  atom e j e c t i o n  p a t t e r n  was used  t o  show w h e th e r  
or  no t  t h e  a n n e a l i n g  r a t e  i s  l e s s  or  g r e a t e r  t h a n  th e  r a t e  o f  g e n e r a t i o n  
of d e f e c t s .  I t  c a n n o t ,  i n  g e n e r a l ,  i n d i c a t e  p r o g r e s s i v e  a n n e a l i n g  o f  
damage .  Above the  t r a n s i t i o n  t e m p e ra t u re  t h e  p a t t e r n s  a r e  a n i s o t r o p i c  
and u s u a l l y  r e f l e c t  t h e  symmetry of t h e  bombarded s u r f a c e .  Th is  
f e a t u r e  i s  i l l u s t r a t e d  by t h e  e j e c t i o n  p a t t e r n s  i n  c h a p t e r  f o u r  f rom 
f i g u r e  4 . 2  to  4 .8  o b t a i n e d  from the  ( 1 0 0 ) ,  (110)  and (111)  s u r f a c e s  o f  
germanium, s i l i c o n  and indium an t im o n id e  s i n g l e  c r y s t a l s  which were 
h e l d  a t  t e m p e r a t u r e s  above t h e i r  t r a n s i t i o n  t e m p e r a t u r e s  d u r i n g  bombard­
m e n t s .  Below Ta the  p a t t e r n  i s  i s o t r o p i c .  One such p a t t e r n  i s  shown 
i n  f i g u r e  4 . 1 .
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I n  v i e w  of  i t s  im por tance  t h e  t a r g e t  t e m p e r a t u r e  had to  be 
measured  a c c u r a t e l y  and be m a i n t a i n e d ,  d u r i n g  bombardment,  w i t h i n  
n a r row  l i m i t s .  The manner  i n  which t h e s e  p rob lem s  were a pp roached  i n  
t h i s  work a r e  d i s c u s s e d  i n  c h a p t e r  t h r e e .  The t e m p e r a t u r e  cou ld  be 
m a i n t a i n e d  a t  T K * 2 K i n  t h e  t r a n s i t i o n  t e m p e r a t u r e  r e g i o n .  In  
a b s o r b i n g  t h e  k i n e t i c  energy  of  the i o n s  t h e  bombarded a r e a  of  t h e  
c r y s t a l  became h o t t e r  t h a n  t h e  s u r r o u n d i n g  m a t e r i a l .  However, t h e  
h e a t  q u i c k l y  conduc te d  away and the  sys tem s e t t l e d  down to  e q u i l i b r i u m ,  
w i t h  t h e  c o n t r o l l e r  c om pensa t ing  f o r  the  a d d i t i o n a l  h e a t i n g .  Never ­
t h e l e s s ,  i t  i s  l i k e l y  t h a t  t h e  bombarded a r e a  was h o t t e r  t h a n  the  
i n d i c a t e d  t e m p e r a t u r e .  The t e m p e ra t u re  r i s e  due to  beam h e a t i n g  can  
be e s t i m a t e d  as  f o l l o w s .  The power d e p o s i t e d  by t h e  beam i s  V . I  
where  V i s  t h e  a c c e l e r a t i n g  v o l t a g e  and I  t h e  c u r r e n t  i n  am peres .  I f  
t h e  t h i c k n e s s  of t h e  c r y s t a l  i s  t ,  and t h e  beam c r o s s  s e c t i o n  i s  A, 
t h e n  t h e  t e m p e r a t u r e  r i s e ,  AT K, i s  g iven  by
where  K i s  t h e  t h e r m a l  c o n d u c t i v i t y .  Good t h e r m a l  c o n t a c t  be tw een  the
c r y s t a l  and t h e  s t a i n l e s s  s t e e l  s u p p o r t s  i s  assumed.  Taking  a K =
0 .0 3  c a l  cm  ^ s ec  \  t  = 1 x 10  ^ cm, V = 15 keV f o r  a 30 x 10  ^ Amp 
-2
beam of 2 x 10 cm d i a m e t e r ,  AT i s  abou t  12 K. The measured  t e m p e r a t u r e  
i n c r e a s e  o f  the  top s u r f a c e  of  the  c r y s t a l  was a b o u t  5 t o  10 K on 
s w i t c h i n g  on t h e  beam. The u n c e r t a i n t y  i n  t h e  r e c o r d e d  t e m p e r a t u r e  
T K s h o u l d  be ± 4 K to  a l l o w  f o r  the  p r o b a b i l i t y  t h a t  the  bombarded 
a r e a  may be  a t  a s l i g h t l y  h i g h e r  t e m p e r a t u r e  t h a n  the  a d j a c e n t  m a t e r i a l .
The beam c u r r e n t  was measured t o  an a c c u r a c y  o f  5%. There  was 
no e l e c t r o n  s u p p r e s s i o n .  Any e r r o r s  a r i s i n g  from t h i s  c a n c e l l e d  out  
s i n c e  r a t i o s  of  t h e  c u r r e n t  d e n s i t i e s  were used  i n  t h e  c a l c u l a t i o n s .
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Measurements performed showed the electron current to constitute half 
of the measured current.
6.2.2 Sputtering Yield Techniques
Since here the yield was plotted directly as a function of time 
and temperature all of which were plotted on the recorder chart it was 
important to have uniform heating and cooling. The rate of cooling was 
controlled by leaving the heating current on a low value. The speed of 
plotting of the inflexion point in the yield curve can be limited by 
the response time of the recorder. Consequently when the yield change 
occurs quickly the pen may not give a faithful record of the time 
interval involved. The temperature curve was calibrated in degrees 
centigrade.
6.3 RESULTS
6.3.1 Introduction
The results obtained by the two techniques will be presented 
separately, for convenience, but will be combined together in the 
discussion. The measured values of Ta are shown in table 6.1 for 
germanium targets and table 6.2 for indium antimonide targets.
6.3.2 Ejection Pattern Results 
6.3.2.1 Dose Rate Dependence
For all measurements carried out an increase in the dose rate, 
-2 -1R ions cm sec resulted in an increased transition temperature. This
can be seen in tables 6.1 and 6.2. A change in R from 1.6 x 10"^ to 
15 -2 -16.3 x 10 ions cm sec was followed by an increase in Ta of about 
22 ± 8 K and 14 ± 3 K for germanium and indium antimonide targets 
respectively. The change in Ta did not depend on ion energy for both
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T a b le  6.1
E x p e r im e n ta l  R e s u l t s  o b t a i n e d  from germanium t a r g e t s
O r i e n t a t i o n E keV
R io n s  cm  ^
-1sec
Ta K ± 4 K 0eV ± 0. 2eV
+
Ne
+
Ar
4*
Kr
+
Ne
+
Ar
4
Kr
(100) 5 1 .9  x 1015 518 578 617 0 .1 1 1.05 1 .9 4
I I 10 1 .9  x 1015 533 583 632 1.4 1 .5 2 .02
I t 10 6 .3  x 1 0 15 563 608 653 1 .4 1.5 2 .0 2
I I 15 1 .9  x 1015 583 632 1 .5 2 .02
I I 15 156 .3  x 10 608 653 1 .5 2 .0 2
(110) 5 1 .9  x 1015 518 607 613 0 .11 1 .1 1 .9 3
I f 10 1 .9  x 1015 533 613 622 1 .4 2 .0 2 .3
I t 10 6 .3  x 1015 563 633 640 1 .4 2 .0 2 .3
I I 15 1 .9  x 1 0 15 613 622 2 .0 2 .3
I I 15 6 .3  x 1 0 15 633 640 2 .0 2 .3
(111) 5 1 .9  x 1 0 13 518 5 58 5 93 0 .1 1 1 .0 1 .87
I I 10 151 .9  x 10 533 571 618 1 .4 2 .2 2 .5
I I 10 6 .3  x 1015 563 587 634 1 .4 2 .2 2 .5
I I 15 1 ,9  x 1015 571 618 2 .2 2 .5
I f 15 6 .3  x 1 0 15 587 634 2 .2 2 .5
germanium and indium  a n t im o n id e  t a r g e t s .  However, w i th  germanium t a r g e t s
th e  change , A la ,  was s m a l l e r  th e  h e a v i e r  th e  i o n .  The i n c r e a s e  i n  t h e
t r a n s i t i o n  t e m p e ra tu re  was 30 K, 25 K, 21 K f o r  r e s p e c t i v e l y ,  neon, a rg o n
and k r y p to n  io n s  bom barding (100) germanium s u r f a c e s .  For a change i n  dose  
15 15 -2  -1r a t e  from 1 .9  x 10 to  6 .3  x 10 io n s  cm s e c  th e  t r a n s i t i o n  tem p e r ­
a t u r e  i n c r e a s e d  by 25 K, 20 K and 16 K f o r  a rg o n  bombardment of (1 0 0 ) ,  (110)
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T a b le  6 ,2
Indium Antimonide  r e s u l t s
O r i e n t a t i o n E keV
R i o n s  cm 2
- 1 i n 15sec  x 10
Ta K ± 8 K 0eV ± 0 . 2eV
■f
Ne +A r
+
K r
+
Ne
+
A r
+
K r
110 5 1.9 339 351 376 0 .69 0 .6 9 0 .7 1
1! 10 1 . 9 361 378 388 0.88 0 .9 1 .07
I I 10 6 .3 377 395 403 0.88 0 .9 1 .07
I I 15 1 .9 376 399 407 0 .95 1.04 1 .1 1
I t 15 6.3 391 415 423 0.95 1.04 1 .11
i l l 5 1 .9 341 353 381 0 .6 9 0.69 0 .7 2
it 10 1 .9 363 383 403 0.9 1 .1 2 1 .17
it 10 6.3 375 397 415 0 .9 1 .1 2 1 .17
it 15 1.9 378 415 423 1.04 1.3 1 .4
it 15 6.3 390 429 437 1.04 1 .3 1 .4
and (111)  s u r f a c e s  r e s p e c t i v e l y ,  w h i l e  f o r  bombardment  w i t h  k r y p t o n  i o n s  t h e  
i n c r e a s e  was 21 K, 18 K and 16 K f o r  t h e  same s u r f a c e s  i n  t h e  g i v e n  o r d e r .  
T he re  d i d  n o t  seem to  be any c o r r e l a t i o n  b e tw een  ATa and i o n  e n e r g y ,  mass o r  
t a r g e t  o r i e n t a t i o n  w i t h  ind ium a n t i m o n i d e  t a r g e t s .
A c t i v a t i o n  e n e r g i e s  f o r  d e f e c t  a n n e a l i n g  were  c a l c u l a t e d  w i t h  t h e  
h e lp  of  e q u a t i o n  ( 6 . 1 ) ,  t h e  d e r i v a t i o n  of  which i s  g i v e n  i n  c h a p t e r  two.
k T T ( K
0 = 1 2  
T 0 -  T, 108 U72 1 \  1
where K i s  B o l t z m a n n ' s  c o n s t a n t ,  T^
c o r r e s p o n d i n g  to  t h e  dose r a t e s  R^
and T 
and
( 6 . 1 )
a r e  t h e  t r a n s i t i o n  t e m p e r a t u r e s  
r e s p e c t i v e l y .  Th i s  e q u a t i o n  i s
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independent of the order of the annealing kinetics. No assumption has 
been made at this stage about the nature or configuration of defects. 
Since a single dose rate was used in all 5 keV bombardments a different 
approach had to be adopted in using R to calculate the activation 
energy. The rate of defect production was obtained approximately as
n R o
T = Tm
T = E , d
(6.2a)
and the rate of annealing as
n* V exp (6.2b)
where n^ is the atomic density of the target, do is the differential
cross section, T is the transferred energy, # is the order of reaction,
8(E) is the damage function, R is the dose rate, V is the attempt
frequency which is assumed to be the atomic oscillation frequency 
13~ 10 cps, and n is the defect volume density at T a . Equations (6.2a) 
and (6.2b) were substituted into the Vook and Stein equation rewritten 
here for convenience, i,e.
dn(t)
dt = RNo ^L - - Kf(n) (6.3)
The damage factor RNq was replaced by (6.2a) and the annealing function
Kf(n) by (6.2b), and with dn (f) 0 at Ta equation (6 .4a) was obtained
1 - —  | n RV ü
T = T
6(E)
do (E T) n*v exp (-ill) (6.4a)
Since the value of n(t) was not known explicitly the solution of (6.4a) 
was approached by dividing both sides by n^. This device enabled the
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s u b s t i t u t i o n  of s u i t a b l e  r a t i o s  o f  d e f e c t  d e n s i t i e s  f o r  
e q u a t i o n  now assumes  the  form
The
J
(6 .4b)
t a k i n g  t h e  v a l u e  of  as  o n e .  The L indha rd  c r o s s  s e c t i o n  ( e q u a t i o n  2 .1 2 )
was used  i n  ( 6 . 4 b ) .  The a c t i v a t i o n  e n e r g i e s  o b t a i n e d  a r e  shown i n  
t a b l e s  6 , 1  and 6 . 2 .
6 . 3 . 2 . 2  Dependence on I o n  Energy and Mass
The t r a n s i t i o n  t e m p e r a t u r e  v a r i e d  w i t h  i o n  energy  f o r  c o n s t a n t  
dose  r a t e ,  c r y s t a l  o r i e n t a t i o n  and i o n  mass .  With germanium t a r g e t s  
Ta i n c r e a s e d  on i n c r e a s i n g  the  i o n  e n e rg y  from 5 t o  10 keV, b u t  n o t  f o r  
an  i n c r e a s e  from 10 to  15 keV.  With indium a n t i m o n i d e  t a r g e t s ,  however ,  
Ta i n c r e a s e d  w i t h  e n e rg y  from 5 t o  10 t o  15 keV. For  a 5 keV change 
i n  i o n  e n e r g y  Ta i n c r e a s e d  by 12-32  K f o r  (111) and (110)  indium 
a n t i m o n i d e  t a r g e t s .
Read ing  t h e  r e s u l t s  h o r i z o n t a l l y  i n  e a ch  t a b l e  g i v e s  the
v a r i a t i o n  of Ta w i t h  i o n  m as s .  The t r a n s i t i o n  t e m p e r a t u r e s  f rom
i r r a d i a t i o n  of germanium w i t h  k r y p t o n  and a r g o n  i o n s  were ,  on the
a v e r a g e ,  r e s p e c t i v e l y  1.16 and 1.10 t im e s  t h o s e  from neon  i o n s .  The
r a t i o s  f o r  ind iu m  a n t i m o n i d e  a r e  Tarr + : Ta.T + = 1 .10  andKr Ne
TaAr+ : T a ^ +  = 1 . 0 6 .  The dependence  of  Ta on i o n  mass and e n e r g y  i s  
r e f l e c t e d  i n  t h e  a c t i v a t i o n  e n e r g i e s .
6 . 3 . 2 . 3  Dependence on C r y s t a l  O r i e n t a t i o n
The t r a n s i t i o n  t e m p e r a t u r e  v a r i e d  w i t h  o r i e n t a t i o n  o f  the  
t a r g e t .  With germanium t a r g e t s  Ta v a r i e d  a s  f o l l o w s ,  Ta, ^xo> '> ^ a< 100) 
>  Ta, > wh ü e f ° r  ind ium a n t i m o n i d e  t h e  v a r i a t i o n  was Ta  ^ ^
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> Ta^  H Q  ) • No dependence of Ta on crystal orientation was obtained for 
bombardments of germanium with neon ions.
6.3,3 Results from Sputtering Yield Techniques
The annealing of damage was studied in two ways with the 
sputtering yield curves. In the first the variation of the yield with 
beam incidence direction was monitored with the temperature of the 
crystal as a parameter. In the second the yield corresponding to a 
fixed beam incidence direction was monitored for a continuously 
varying target temperature.
Using the first approach the dips in the yield curve became 
attenuated when the target temperature was decreased. From the 
commencement of attenuation to the smoothing out of the dips the 
temperature range extended for not more than 35 K. Typical atten­
uation is shown in the yield curves in figure 5.12 for 10 keV neon 
bombardment of (110) indium antimonide. It was not practicable to use 
this method in determining the transition temperatures. Consequently 
the second method was used for that purpose.
Figure 6.1 shows reproductions of the yield as a function of 
time and temperature. Actually both the yield and temperature can be 
regarded as functions of time, with the temperature curve divisible 
into heating and cooling segments. The heating segments were from 0 
to about 50 seconds at a heating rate of 2.4 K sec \  and from about 
200 to 260 seconds at 1.9 K sec ^. The interposed cooling segments 
were both at a rate of about 0.5 K sec ^ . It should be mentioned that 
the curves were actually plotted from right to left. The time axis has 
been constructed in the manner shown for convenience. Three yield
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Fig. 6.1: Variation of the yieLd of germanium with temperature for
fixed angle of ion incidence.
_____  Yield of (100) germanium bombarded with 10 keV, 10^ Ne
-2 -1cm sec incident along the <110> direction.
14- - - Yield of (110) germanium bombarded with 10 keV, 6 x 10 
+ -2 -1Ar cm sec incident along the ^100> direction.
....  Yield of (110) germanium bombarded with 10 keV, 6 x 10
+ -2 -1Ar cm sec incident along the <100> direction.
14
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curves are shown. The dotted and dashed curves were obtained from 
(110) germanium bombarded with 10 keV argon and neon ions respectively. 
All the curves show that at the transition temperature the yield drops 
by a factor of up to 3. The transition temperature was defined as the 
temperature corresponding to the middle of the inflexion. The values 
of Ta obtained thus are shown in table 6.3.
As the target temperature was decreased from above Ta the 
yield began to increase (point A) when the temperature reached point A ’, 
and about 31.6 seconds later, the yield curve reached B with the 
temperature at B ' . After B' the yield remained constant until the 
temperature was increased again to around B ’ after which the processes 
occurred in the reverse order, but much more rapidly (9 seconds). On 
repeating the cycle the same sequence of events was retraced. When the 
heating rate was increased from 1.9 K sec  ^ to 2.4 K sec  ^ the 
transition region was plotted 2„2 seconds faster, i.e., in 6 .8 seconds.
Table 6.3
Transition Temperatures Obtained with 
the Sputtering Yield Technique
Target E (keV) Orientation: ( hkl ) axis
Dose Rate 
R ions cm  ^
-1sec
Ta K ± 4 K
+Ar Ne+
Ge 10 < 110 > 1 x 1015 511
Ge 10 < 110 ) 6 x 1014 578
Ge 15 < 110 ) 6 x 1014 578
Ge 15 < 110 > 7 x 1014 517
InSb 10 < 100 > 5.4 X 1015 403
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An interesting effect was observed in these curves. The 
transition temperature in the cooling part of the curve such as A to B 
is less than the transition temperature in the heating part of the 
curve (C. to D). Ta was 511 K in the former and 517 K in the latter. 
This same effect was observed with ejection patterns.
The transition temperature was independent of energy at ion 
energies above 10 keV, A dose rate dependence is evident in the 
results.
6.4 DISCUSSION
The pronounced dependence of the transition temperature on 
dose rate is in line with the view that temperature is rate determining 
in the annealing process. Experimental results, however, indicate 
that the recovery is not completely thermally activated. Evidence in 
support of this comes from the hysteresis effect detected in Ta values, 
and from annealing experiments using other techniques. In ejection 
pattern studies it was observed that the transition temperature 
measured during 5 K stepwise increases of temperature from below Ta was 
higher than if the temperature had been decreased in a similar fashion 
from above Ta. Thus the crystal lattice exhibits an inertia in its 
state of order or disorder. In addition the work of Davies et al 
(1967) and Eisen et al (1969) showed that the temperature required for 
annealing of damage during bombardment is less than that required for 
post-bombardment annealing. These results strongly suggest that 
bombardment-induced annealing plays a role in the recovery process.
Such recovery could be brought about through two mechanism, namely 
thermal spikes and disaggregation of defect clusters. Thermal spike
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r e c o v e r y  h a s  been  obse rved  in  e l e c t r o n  i r r a d i a t i o n  work a t  e n e r g i e s  
be low t h e  t h r e s h o l d  f o r  damage (Mackay e t  a l ,  1 9 5 9 ) .  B r inkman’ s 
(1956)  d i s p l a c e m e n t  s p ik e  m odel ,  o p e r a t i v e  a t  e n e r g i e s  below a b o u t  
400 eV, e n v i s i o n s  a m u l t i p l e  vacancy  zone s u r r o u n d e d  by an i n t e r s t i t i a l  
r i c h  s h e l l .  The m a t e r i a l  s u r r o u n d i n g  th e  i n t e r s t i t i a l  s h e l l  i s  h e a t e d  
t o  a t e m p e r a t u r e  h i g h e r  t h a n  th e  m e l t i n g  p o i n t ,  i . e . ,  a t h e r m a l  
s p i k e .  Some of  t h e  m a t e r i a l  t h e n  f lo w ed  back  i n t o  t h e  h o l e  and 
e v e n t u a l l y  the  c r y s t a l  i s  r e s t o r e d  t o  i t s  p r e - c o l l i s i o n  s t a t e ,  A more 
g e n e r a l  t h e r m a l  s p i k e  mechanism o p e r a t e s  a s  f o l l o w s .  The s u p e r p o s i t i o n  
o f  a t a r g e t  t e m p e r a t u r e  At , r e s u l t i n g  i n  a l o c a l  t e m p e r a t u r e  T^ + At , 
shou ld  have a g r e a t e r  e f f e c t  on t h e r m a l l y  a c t i v a t e d  r e c o v e r y  p r o c e s s e s  
t h a n  two t e m p e r a t u r e  p u l s e s  T^ + At and T^ r e s p e c t i v e l y  w i t h  T^ >  T^ 
(Brinkman,  1 9 6 3 ) .  The t h e r m a l  s p i k e  i s ,  however ,  a volume e f f e c t  and 
c o n s e q u e n t l y  e n e rg y  i n d e p e n d e n t  (Marsden e t  a l ,  1 9 6 9 ) .  T h e r e f o r e  
t h e r m a l  s p i k e  a n n e a l i n g  i s  n o t  e x p e c t e d  t o  show an  en e rg y  d e p e n d e n c e .  
The i n c i d e n t  i o n  or  e n e r g e t i c  r e c o i l s  c o u l d ,  on c o l l i d i n g  w i th  d e f e c t  
c l u s t e r s  a round  t h e i r  p a t h ,  d i s a g g r e g a t e  t h e s e ,  t h u s  f a c i l i t a t i n g  t h e i r  
a n n i h i l a t i o n .  Such a model  was advanced  by Holmen e t  a l  (1972) and 
i s  d i s c u s s e d  in  c h a p t e r  two . The d i s a g g r e g a t i o n  of  d e f e c t s  w i l l  be a 
t e m p e r a t u r e  in d e p e n d e n t  p r o c e s s ,  e x c e p t  i n  so f a r  a s  t h e  s i z e  o f  t h e s e  
c l u s t e r s  would be d e p e n d e n t  on t e m p e r a t u r e .
The dependence  o f  Ta on i o n  mass and e n e rg y  can be e x p l a i n e d  
p a r t l y  by the  d i f f e r e n c e s  i n  the  d e f e c t  g e n e r a t i o n  r a t e s .  D i s p la c e m e n t  
t h e o r y  p r e d i c t s  a l i n e a r  dependence  o f  t h e  number of  d i s p l a c e d  atoms 
w i t h  t h e  f r a c t i o n  of en e rg y  go ing  i n t o  a tom ic  p r o c e s s e s .  The L in d h a rd  
t r e a t m e n t  o f  e l e c t r o n i c  and n u c l e a r  s t o p p i n g  and t h e  d a t a  of H a ines  and 
Whitehead (1966)  i n d i c a t e  t h a t  f o r  t h e  e n e r g i e s  used  h e re  p r a c t i c a l l y  
a l l  o f  t h e  ene rgy  goes i n t o  a to m ic  p r o c e s s e s .  For  a g i v e n  t a r g e t  a t
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a s e t  t e m p e r a t u r e  the  t o t a l  amount o f  d i s o r d e r  and i t s  d e p t h  d i s t r i b u t i o n  
s h o u ld  depend on t h e  ion s p e c i e s ,  i o n  e n e rg y  and o r i e n t a t i o n .  The d e p th  
of  t h e  damage l a y e r  would be r e l a t e d  t o  t h e  p e n e t r a t i o n  of  t h e  i n c i d e n t  
i o n .  C a l c u l a t i o n s  u s i n g  t h e  t r e a t m e n t  of  L in d h a rd  e t  a l  (1963)  i n d i c a t e  
t h a t  the r a t i o s  of  t h e  r a t e s  o f  d e p o s i t i o n  of e n e r g y  of  Kr , A r+ and 
Ne+ a r e  i n  t h e  r a t i o  7 : 4 : 1 .  From t h i s  i t  c a n  be e x p e c t e d  t h a t  t h e  
t r a n s i t i o n  t e m p e r a t u r e s  shou ld  be h i g h e s t  f o r  k r y p t o n  i o n s ,  and s m a l l e s t  
f o r  neon  i o n s .  Th is  i s  borne  o u t  by e x p e r i m e n t  i n  b o t h  e l e m e n t a l  and 
compound se m ic o n d u c to r  t a r g e t s .
From abou t  10 keV t h e  t r a n s i t i o n  t e m p e r a t u r e  i s  i n d e p e n d e n t  of  
i o n  e n e r g y .  T h i s  t e n d s  to  s u g g e s t  t h a t  t h e  e f f e c t i v e  d e f e c t  g e n e r a t i o n  
r a t e  i n  germanium i s  i n d e p e n d e n t  of  e n e rg y  be tw een  10 and 15 keV, w h i l e  
t h i s  i s  no t  t r u e  f o r  indium a n t i m o n i d e .  The r e s u l t s  of Pav lov  e t  a l  
(1967)  f rom M on te -C a r lo  c a l c u l a t i o n s  of  t h e  d i s t r i b u t i o n  of  i m p u r i t y  
a toms and damage from the  bombardment o f  s i l i c o n  w i t h  20-60 keV b o r o n  
i o n s  would seem to  p r o v id e  some e x p l a n a t i o n  f o r  t h e  germanium r e s u l t s .  
These  c a l c u l a t i o n s  showed t h a t  the  c o n c e n t r a t i o n  o f  d e f e c t  p a i r s  i n  t h e  
r e g i o n  o f  t h e  maximum of  t h e  d e f e c t  d i s t r i b u t i o n  curve  i s  p r a c t i c a l l y  
i n d e p e n d e n t  o f  e n e r g y .  The a u t h o r s  s u g g e s t e d  t h a t  a l t h o u g h ,  f o r  a g i v e n  
d o s e ,  t h e  t o t a l  number of  d e f e c t s  i n c r e a s e s  w i t h  i o n  e n e r g y ,  t h e  t h i c k n e s s  
of t h e  l a y e r  i n  which the  d e f e c t s  a r e  c o n c e n t r a t e d  i n c r e a s e s  a t  t h e  same 
t i m e .  The r e s u l t s  of  P a v lo v  e t  a l  a p p ly  t o  p r i m o r d i a l  damage, and ,  
f u r t h e r m o r e ,  f o r  c o n s i d e r a t i o n s  p e r t i n e n t  h e r e ,  dose i s  n o t  i m p o r t a n t .
With such  q u a l i f i c a t i o n s  i n  mind one c a n  assume t h a t  i n  t h e  ene rgy  range  
10 t o  15 keV t h e  number of d e f e c t s  p r o d u c e d  i n  germanium by an ion  
r e m a in s  c o n s t a n t  w i th  e n e r g y ,  and t h a t  t h e  r a t e  of i n s i t u  a n n e a l i n g  i n  
germanium i s  f a s t e r  t h e  c l o s e r  the  p e a k  i n  d e f e c t  c o n c e n t r a t i o n  i s  to  
the  s u r f a c e .  An a l t e r n a t i v e  i n f e r e n c e  i s  a l s o  p o s s i b l e  which i s  t h a t
215
above a certain critical defect cluster size the annealing rate is so 
rapid that the effective damage rate stays constant. Displacement 
theory also indicates that more damage is produced in indium antimonide 
than in germanium. However, the annealing is also much faster in 
the III-V compound as is shown by the lower transition temperatures 
and the lower activation energies.
At high target temperatures the annealing rate is fast 
enough for the surface layers to remain effectively single crystalline. 
As the temperature is lowered the annealing rate is correspondingly 
reduced, and damage accumulates. The consequent increase in the non- 
channelled fraction is shown by both the attenuation of the dips in 
the yield curve (figure 5.12) and by the sudden increase in yield 
(figure 6.1). At about 8 K below Ta the annealing rate has been 
reduced to such low values that the crystal surfaces are completely 
disordered, and practically all the beam enters the random fraction and 
the yield increases. The differences in the transition temperature 
with crystallographic orientation could be partly explainable on the 
basis of the variation of the random fraction with orientation since 
it is normally assumed that the cannelled fraction does not produce 
damage in the surface layers. On this basis it can be expected that, 
all other factors being equal, the amount of damage produced by an 
ion beam in the surface layers would be proportional to the size of 
the nonchannelled component. The trend of the transition temperatures 
obtained from indium antimonide could result from such a process. The 
results from germanium suggest, however, that in a dynamic situation 
other processes could be more important.
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A rough estimate of the activation energy for the annealing
process can be obtained from the times measured for the transition 
region in the yield curve (figure 6.1). The time for annealing, T, 
is connected with the activation energy through the equation
Taking T as the fastest time measured, i.e., 6.9 seconds, and Ta = 578 K
for 10 keV argon ions incident along the ( 110 > axis of germanium at a
14 -2 -1dose rate of 6 x 10 ions cm sec then 0 comes out as 1.65 eV. These 
values compare well with the values shown in table 6.1.
strong temperature dependence and are expected to be significant in the 
recovery of damage. These mechanisms are release of injected gas, 
diffusion and epitaxy. The narrowness of the transition region seems 
to diminish the importance of volume diffusion in the annealing being 
considered here. No doubt radiation induced diffusion leading to 
recombination as suggested by Dienes and Damask (1958) occurs but is 
not expected to be rate determining. Significant diffusion of defects 
should take place in the surface layers, and this may be aided by 
sputtering. The latter process provides sinks and thus enhances the 
outdiffusion of vacancies. Investigations by Jech et al (1969),
Matzke (1970) and others have detected coincidence in gas release 
peaks with the recrystallization of ion-induced amorphous layers. In 
these experiments bombardment was generally carried out at low temper­
atures and evolution of implanted gas observed as a function of 
temperature. However, release of injected gas also occurs during 
bombardment, particularly at high temperatures. Such release should
(6.12)
In addition there are three other mechanisms which show a
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be involved in the annealing process with the thermally activated 
evolution possibly showing a spectrum of activation energies (Carter 
and Colligon, 1968) . The evolution of implanted gas would also be 
aided by sputtering, and possibly by epitaxy. Parsons (1965) explained 
the annealing of damaged regions in germanium on the basis of 
epitaxy, and other workers have also done so since. The ’peakedness' 
of the epitaxial process at certain temperatures has been demonstrated 
experimentally. In the deposition of germanium films onto (111) and 
(100) faces of germanium by cathodic sputtering Krikorian and 
Sneed (1963) obtained definite epitaxial temperatures and found that 
the temperature of the (111) faces was lower than that of the (100) 
faces though there was slight overlap .
It is known that sputtering rates depend on crystallo­
graphic orientation for a given ion-target combination. This 
dependence could result in differences in the effectiveness of sputtering 
in aiding the annealing process. Thus the effective rates of insitu 
annealing would not be equal in the different directions.
The transition temperatures for germanium are relatively higher 
than those of indium antimonide, even though damage would be more exten­
sive and more complex in the III-V compound. The reason for the faster 
mobility of defects in indium antimonide is not clear. The low insitu 
annealing temperatures of this substance should be of importance in ion 
implantation work, though it is doubtful whether the surface layers 
maintain stoichiometry under bombardment.
6 .5 CONCLUSION
The results obtained in this work show that the rate of defect 
generation in semiconductor targets depends on ion energy, ion mass, 
target orientation, target species and dose rate. The rate of annealing
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depends  on t h e s e  f a c t o r s  as  w e l l  a s  on t h e  t a r g e t  t e m p e r a t u r e .  From 
t h e  d a t a  a c t i v a t i o n  e n e r g i e s  f o r  t h e  a n n e a l i n g  p r o c e s s e s  were 
c a l c u l a t e d .  Bombardment induced a n n e a l i n g ,  e p i t a x y ,  gas  r e l e a s e  a l l  
seem t o  p l a y  a p a r t  i n  t h e  a n n e a l i n g ,  b u t  i t  i s  d i f f i c u l t  t o  d e t e r m i n e  
how much each  of  t h e s e  i n f l u e n c e s  t h e  a n n e a l i n g  p r o c e s s .  A 
s y s t e m a t i c  s t u d y  of  the  a n n e a l i n g  u s i n g  t h e  s p u t t e r i n g  y i e l d  a s  a 
p ro b e  may p r o v i d e  more i n f o r m a t i o n  on t h e  r o l e  o f  such m echan ism s .
219
CHAPTER 7
CONCLUSION TO THESIS
The results presented and discussed in chapters four to six 
have answered some questions and simultaneously raised many others 
regarding the interaction of medium energy rare gas ions with semi­
conductor targets. In chapter four it has been shown that while 
germanium and silicon on the one hand, and indium antimonide on the 
other have similar lattice structures, and the directions of efficient 
momentum and/or mass propagation correspond, the sputtered atom 
ejection patterns from these two groups differ appreciably. The 
patterns exhibit different behaviour with temperature. It has been 
shown that the diatomicity of the III-V compound lattice, its 
asymmetry, and perhaps the partially ionic character of bonding of 
its members, influence atomic ejection in a manner totally lacking in 
the elemental substances. The results presented in chapter four 
demonstrate the influence of the lattice structure of a single crystal 
in ion-target interaction. It was shown in that chapter that current 
theoretical models which explicitly consider single crystal lattice 
effects offer promise of adequate descriptions of these effects. The 
results also point to the need to examine more carefully the effect 
of bombardment on the stoichiometry of the bombarded surfaces and 
sputtered material. In chapter six an attempt was made to obtain more 
information on ion-induced damage as studied by dynamic methods.
Lattice effects are again important here. Factors influencing the rates 
of production and annealing of damage were established.
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The experimental techniques developed have considerable 
potential for studying sputtering processes and ion-induced damage 
simultaneously. With suitable calibration and/or slight modification 
of the detector optics the system could be used to measure absolute 
yields of secondary and reflected ions, neutral atoms and secondary 
electrons and to obtain the energy spectra of these particles. The 
uncertainty surrounding the importance of various models which 
attempt to explain the occurrence of ejection patterns from semi­
conductor targets is unlikely to be cleared by experiments confined 
to these patterns. Additional informative data is needed on directed 
ejection rates, and energy spectra of the ejected atoms. With 
regard to radiation damage work questions that need answering are about 
the nature and configuration of ion-induced defects, and about the 
relative importance of the various annealing mechanisms.
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APPENDIX
ANGLES IN BEAM-TARGET GEOMETRY
The crystal was mounted with the normal at 45° to the ion 
beam. Rotation was about this normal. The top diagram on the following 
page shows this arrangement in schematic form. The locus about the 
normal of each crystallographic direction was a circle centred on the 
normal. The tilt angle 9 could not be varied. Therefore, ip«, the 
rotation angle describes the position of each direction on the circle. 
The bottom diagram on the following page shows the relationships of 
these angles in stereographic form. With reference to this figure when 
the crystal is tilted at an angle 9, and the incremental rotation is 
Aip the direction of ion beam incidence changes by an angle Aip^ , where
Alp = Aip Sin 9 w 2
which is generalized to
ip = ip_ Sin 9 w 2
and, for the particular case considered here
ip = 0.707 ip. w 2
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Top: S chem atic  d iag ra m  o f  g e o m e t r ic a l  r e l a t i o n s h i p  be tw een  t a r g e t
n o rm a l, beam in c id e n c e  a x is  and th e  r o t a t i o n  a x i s .
Bottom : S te ro g ram  m odel i l l u s t r a t i n g  th e  c h an g e , i n  th e  a c tu a l
i n t e r n a l  a n g le  of th e  beam d i r e c t i o n  5n th e  c r y s t a l  l a t t i c e  
fo llo w in g  a  change  i n  ^  f o r  a  f ix e d  0
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